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Abstract 
Stream-dwelling macroinvertebrates are used as bioindicators of water quality world-
wide because they possess many traits associated with different levels of 
environmental stresses. These bioassessment methods that use macroinvertebrates 
require a good understanding of the ecology of taxa that are used as indicators in the 
context of the systems that they occupy.  The rivers and streams of subtropical 
southwest Bhutan and surrounding regions represent an interesting case study for the 
application of bioassessment methods. Rivers and streams are subject to extremely 
high flow rates during the monsoon period, and the extent to which this high flow 
influences both the water quality, and the macroinvertebrates, needs to be assessed. 
Therefore this study aimed at improving the understanding of the application of the 
water quality index and other basic biotic metrics applied to rivers and streams in the 
region. 
A rapid field-based bioassessment methodology was employed for macroinvertebrate 
sample collection at six sites of five different streams in southwest Bhutan. These 
streams corresponded to different levels of disturbance. Disturbances were identified 
as impacts of natural land erosion, agricultural practices and local settlement, relative 
to undisturbed streams. All streams were subjected to seasonal high stream flow as a 
major predictable environmental event or disturbance during monsoon. Sampling was 
performed on monthly basis for the period of 10 months between monsoons to account 
for both spatial and temporal (seasonal) variation.  
Measured physicochemical parameters showed some variation among the investigated 
streams and this variationwas mainly related to stream type, associated with 
predictable monsoonal disturbance and anthropogenic influences. For example, 
undisturbed sites showed significantly lower conductivity than all other sites as this 
stream is sourced from higher elevation flowing through forested areas with deeper 
and wider stream channels.   
Investigated streams showed a diverse range of macroinvertebrates, but the community 
composition varied both spatially and temporally in different streams. Spatial variation 
was largely encountered by the particular stream type, surrounding land use patterns 
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and variation observed in physicochemical parameters. For example, findings 
indicated that an agriculture site had the highest family richness, and an undisturbed 
site had the highest number of individuals, while a second undisturbed site had the 
highest Shannon-Weiner diversity value.  Family richness and diversity remained low 
at the settlement site and a second agriculture site. Temporal variation was mainly 
influenced by time since the end of the monsoon. For example, dry season was 
characterized by significantly higher abundance, richness and diversity as compared to 
wet season. But the changes caused by the predictable environmental event (e.g. 
monsoon) pose no long-lasting impact on the population recolonization or recovery 
process.  
Abundance patterns and, to some extent, size-frequency distribution data revealed that 
macroinvertebrate populations recover after the predictable seasonal environmental 
event (i.e. monsoon), largely through rapid recovery or recolonization process, 
adaptive life-history characteristics or evolved behavioural traits (e.g. voltinism, 
diapause, short life cycles and continuous reproduction). Smaller seasonal upstream 
tributaries that formed during monsoon andconnected to main streams are also likely 
to play an important role for the recolonization process. In this connection, sound 
knowledge of the adaptive life-histories of macroinvertebrates and pathways of 
recolonization, may be used to predict the overall persistence and resilience of a 
stream community.  
Site-wise water quality was assessed with reference to the Hindu-Kush Himalaya 
(HKH) biotic score (HKHbios). The water quality classification that were derived 
from all capture data, matched the pattern expected for the different streams. The two 
undisturbed sites showed the highest integrity of water quality as compared to other 
sites. The highest impairment was observed at the site influenced by settlement. 
Although agriculture sites and land erosion site were anticipated higher impairments 
of water quality, the current study showed acceptable range of water quality status 
within the study areas.  
The month to month Average Score Per Taxon (ASPT) at any one site was variable. 
There was no consistent pattern of differences among the six sites and no clear 
seasonal pattern. Scores allocated for some highly sensitive taxa that were rarely 
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encountered in the samples (e.g. Neoephemeridae), contributed to the index variation 
thereby providing unreliable estimates of water quality. 
An assessment of HKH score variability was performed relative to field sampling 
efforts associated with rapid bioassessment (i.e. sample size, different field sampling 
techniques and experience of samplers). The index was not strongly influenced by 
variation in sample size and field sorting techniques, and thus usable 
macroinvertebrate based information could be provided with minimum costs and time 
involvement. However, there was considerable variation among individual samplers in 
the index scores derived from single samples, suggesting experience of samplers is 
important.  
Finally, the current study suggests that high stream flow events during monsoon, and 
its consequences on the drift of several species play a pivotal role in benthos 
recovery/or recolonization process in the subtropical streams of southwest Bhutan. 
More importantly, the biological indices of water quality assessment will depend on 
the abundance patterns and seasonality of macroinvertebrates. Significant influence on 
the trend of monthly-based HKH scores was largely attributed to some highly sensitive 
families. For example, the family Neoephemeridae did not necessarily indicate a 
distinct preference for very good water quality in this study, suggesting that high 
scores and weights allocated to some families in the HKH taxa list might not be 
always applicable to all Bhutanese streams. Another difficulty encountered during the 
index calculation was that some sampled families (n=9) were not assigned scores in 
the HKH taxa list, suggesting there is need for supplementary research to improve the 
predictive ability of the HKH scoring system. A separate solely Bhutan-based Biotic 
Score, similar to Nepalese Biotic Score (NEPBIOS), is recommended here for 
enhancing the bioassessment program in the country. 
Therefore, the science-based information obtained from this research can serve as 
baseline information for future research, and such studies are also important to 
determine whether the bioassessment studies using the existing HKH score remain 
consistent and applicable to other parts of Bhutan. 
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Chapter 1:  Developing an understanding of the literatures relative 
to current study 
1.1 Freshwater biological monitoring (or bioassessment) 
Stream and river ecosystems provide a home for many macro-organisms that play an 
important role in maintaining ecological functions and services and supporting life in 
the freshwater ecosystems (Rinzin et al., 2009). Although, freshwater systems 
occupy less than 1 % of the planet‟s surface, they contain about 5 % of all known 
biological species (Grosberg et al., 2012). Pristine water bodies usually exhibit a 
great variety of aquatic life, representing a natural state of freshwater ecosystems 
(Sharma et al., 2008). However, the integrity of freshwater bodies is now often 
challenged and the critical problems such as the loss of aquatic biodiversity have 
been mainly attributed to increasing land use changes, habitat destruction, 
unsustainable water resource extraction, flow modification, pollution and climate 
change as a result of human interference through socioeconomic development 
(Strayer & Dudgeon, 2010). One way of evaluating the biological condition of 
freshwater bodies is through the means of biological monitoring (or biomonitoring), 
which aids in identifying and characterizing the ecological condition of stream and 
river systems and thus determining the severity of biological degradation (Buss et 
al., 2015). According to Harper (1994), freshwater biomonitoring refers to use of a 
biological entity (i.e. biological species, populations or communities) as an indicator 
of environmental degradation, and its response as a measure to ascertain 
environmental conditions. Similarly, an assessment of the biological condition of 
water bodies that uses biological surveys and other measurements of resident biota in 
surface waters is known as bioassessment. Once the framework is drawn for 
bioassessment, biomonitoring can be relatively inexpensive and easily performed 
with standard protocols (Abbasi & Abbasi, 2011).    
Traditionally, freshwater monitoring approaches primarily relied on physical and 
chemical measurements to assess water quality (Abbasi & Abbasi, 2011). However, 
such assessment of physicochemical parameters provides a measurement that is valid 
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only for that particular period of time (short time) when the sample was collected 
(Carter et al., 2007; Madrid & Zayas, 2007). Physicochemical measurements may 
miss periodic pollution events simply because of the intermittent nature of sampling 
procedures (Hewitt, 1991) and therefore in some instances, may not detect adverse 
water quality conditions if measurements have not been taken at the right time under 
the right condition.  Thus, physicochemical measures provide a „snapshot‟ of stream 
condition and tend to be poor indicators of long-term and low-impact disturbances. 
On the other hand, biomonitoring represents a more holistic approach for the 
identification of disturbed or degraded river or stream conditions. Therefore, in 
addition and complimentary to physical and chemical water quality monitoring 
techniques, several biomonitoring approaches have been put forward, using 
numerous aquatic dwelling biological organisms, to assess water quality that reflect 
all ecological aspects of freshwater ecosystems (Dickens & Graham, 2002; Ziglio et 
al., 2006; Friberg et al., 2009). One idea behind development of several 
biomonitoring approaches is to use accessible biological organisms such as fish, 
algae, lichen, aquatic plants and invertebrates that can serve as „bioindicators‟ of 
ecosystem integrity complementing the traditional physical and chemical approaches 
of surface water quality assessment (Linke et al., 2005). Bioindicators are organisms 
or communities of organisms used as a method of assessing the biotic responses to 
environmental stressors (Holt & Miller, 2011; Paoletti, 1999).  
However, it is not possible to measure all the components of any freshwater 
ecosystem at any given site/or location to ascertain its state of health. Therefore, one 
important task in bioassessment is the search for one or more ideal „indicator 
species‟, whose presence/absence data can reflect a stressor‟s effect on stream biota 
(Resh & Rosenberg, 1993). In general, an indicator species is any biological species 
that can define a trait or characteristic of the current status of significant 
environmental changes (De Cáceres et al., 2010). Indicator species can significantly 
predict the physicochemical conditions of a stream system, thus determining the 
ecological status of given water body at a given location (Sharma et al., 2008). 
Determination of indicator species is usually done by analysing the concentration of 
species occurrences or abundances in distinct groups of sites (De Cáceres et al., 
2010). Indicator species can be among the most sensitive species in the region or at 
local scale. However, it is to be noted that high abundance of the indicator species at 
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a given site is a controversial criterion among researchers. For example, Gerhardt 
(2002) argues that presence of very high abundant species at the study site may not 
necessarily qualify for indicator species because they may have many opportunistic 
qualities such as high reproductive capacity or good dispersal mechanisms, rather 
than being tolerant to pollutants. Similarly, rare species cannot be used as indicator 
species either because they may be rare for a variety of reasons other than the effects 
of pollution. Therefore, Gerhardt (2002) recommended that species that occur at 
intermediate abundance classes are suggested for choice of indicator species. 
Indicator species are also known as „sentinel organisms‟, i.e. organisms which are 
ideal for bioassessment (Thorp et al., 2001). 
Independent of whether one or more species or community are being used as 
indicators of freshwater ecosystem integrity, biomonitoring can take a number of 
approaches. For example, Roux et al., (1993), categorized biomonitoring of aquatic 
communities into the following: (a) bioassessments that are based on ecological 
surveys based on diversity and/or the functional and structural aspects of aquatic 
biological communities, (b) toxicity bioassays that are based on a laboratory-based 
approach for investigating the effect of compounds on test organisms, (c) 
behavioural bioassays that explore sub-lethal effects to fish and other biological 
species when exposed to contaminated water hence serving as „early warning 
systems‟, (d) bioaccumulation studies that monitor the uptake and retention of 
chemicals in the body of an organism and their subsequent effects within the whole 
food chain, and (e) assessment on fish health that usually deals with causes, 
processes and effects of diseases, which can be a complementary indication of 
overall ecosystems.  Therefore, biomonitoring or bioassessment of river and stream 
quality systems is an important ecological method for determining the effects of 
different stressors, their impacts and how these stresses accumulate in the stream 
systems. The focus of the current study is on the first of these approaches: 
assessments that are based on ecological survey of functional and structural aspects 
of biological communities.  
 
 4 Chapter 1: Developing an understanding of the literatures relative to current study   
1.2 History and development of bioassessment approaches 
Biological methods of surface water quality assessment date back to 19
th
 century 
when Hassal (1850) observed that aquatic organisms that occur in polluted water 
were different from organisms that occur in clean water. Since then, several 
biological water quality assessment methods have been developed (Birk et al., 2012). 
The concept of developing freshwater bioindicators in biomonitoring programmes 
commenced in the early 1900s in Europe when Kolkwitz & Marsson initially 
developed the „Saprobic system‟ of assessment, which was the earliest attempt to 
provide an index of the changes observed in aquatic communities relative to organic 
pollution (Huggins & Moffett, 1988). The method was mainly based on the pollution 
tolerances of key taxa from all components of the aquatic fauna, but focussed on 
microorganisms such as bacteria, algae, protozoans and rotifers (Metcalfe, 1989; 
Rolauffs et al., 2004; Monaghan & Soares, 2012). Their concept has been shown to 
be highly successful as evidenced by several subsequent studies (Bauernfeind & 
Moog, 2000), and their publication on the „System of Saprobic Organisms‟ led to the 
development of biological indicators for habitat assessment (Slàdečeck, 1973; 
Stevenson & Pan, 1999). This early bioassessment method is best known through the 
„saprobic index‟, which is based on the presence of indicator species that have been 
assigned saprobic values from 0 - 8 based on their pollution tolerance (Metcalfe, 
1989). Therefore, the „saprobic‟ system based on the concepts of indicator species 
predominantly originated in Europe. However, the saprobic approach received some 
major criticisms as the taxonomy was not far enough advanced, pollution tolerances 
of species are very subjective, and no information on the community as a whole is 
provided (Sharma & Moog, 2005). Additionally, this approach also presents 
drawbacks where it requires identification of the indicator taxa down to genus or 
species level. This is a big problem, particularly in the developing countries where 
laboratory and systematics are still very poor. Nevertheless, it is beyond the scope of 
current study to provide a comprehensive review of the various „Saprobien‟ based 
approaches or indices, since they are not the focus of the present study. 
Comprehensive reviews of Saprobien based indices can be found in Persoone & 
DePauw (1979).  
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An alternative bioassessment method based on the diversity approach was developed 
in the United States (US) where the assessments were essentially based on three 
components of benthic macroinvertebrates (i.e. abundance, richness and evenness), 
to describe community response to changing environmental quality (Metcalfe, 1989). 
Thus, the system of biological assessment of water quality by means of benthic 
macroinvertebrates originally started in the US (Richardson, 1928). The most widely 
used diversity indices include the Shannon-Wiener diversity index (1949), the 
Simpson‟s diversity index (1949), Margalef diversity index (1958) and Cairns and 
Dickson diversity index (1971) as measures for assessing community structure and 
environmental assessment (Hellawell, 1986; Polunin, 1987). However, similar to 
saprobic approach, the diversity approach has been criticized and their importance in 
bioassessment has diminished (Cairns & Pratt 1993). For instance, Barrantes and 
Sandoval (2009) have reported that diversity indices have some associated 
conceptual and statistical issues, which make comparisons of species richness and 
abundance patterns across communities nearly impossible. In other words, not a 
single statistical analysis retains all information needed for answering even a simple 
question. 
Both saprobic and diversity approaches have evolved from qualitative to quantitative 
systems, and by the mid-1970s, most European countries had started to concentrate 
on assessment based on „biotic approach‟ that primarily combines desirable features 
of both saprobic and diversity approaches (Huggins & Moffett, 1988). According to 
Tolkamp (1985), biotic approach can be defined as one which combines diversity on 
the basis of certain macroinvertebrate groups with the pollution indicators of 
individual species or higher taxa into a single index or score. Different taxa from a 
particular taxonomic group of aquatic organisms are assigned with different 
sensitivity „weighting‟ or „scores‟, based on sensitivity or tolerance values of 
individual taxa in relation to varying degrees of pollution (Abbasi & Abbasi, 2011). 
These values are generally expressed as a „biotic index‟ or „biotic score‟ (Metcalfe, 
1989). The difference between the two concepts is that biotic scores were generally 
differentiated from biotic indices by taking consideration of abundance classes in the 
calculation of the index values (De Pauw & Hawkes, 1993). In recent decades, this 
approach appeared to be more expressive and revealing of ecological health as it 
incorporates measure of species diversity with qualitative information on the 
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sensitivity of indicator species (Abbasi & Abbasi, 2011). Consequently, biotic 
approach is one of the most generally accepted methods in bioassessment programs 
and increasingly used in many parts of the world (King & Ball, 1964; Abbasi & 
Abbasi, 2011). 
Over the past decades, in most of the developed countries, several biotic indices and 
score systems based on macroinvertebrates have been developed for assessing the 
ecological status of surface water bodies (Abbasi & Abbasi, 2011). Initially, biotic 
approach involved a simple qualitative systems of river quality assessment based 
only on the absence or presence of biological data (De Pauw et al., 2006). However, 
this approach was also found to be an inadequate measure of overall ecological 
integrity and, thus evolved through development of several score-based biotic 
indices and multi-metric indices (MMI) based on macroinvertebrate fauna (Buffagni 
et al., 2004). For example, although the approach produced some useful results, it 
has failed to provide a consistent and comprehensive assessment of stream or river 
conditions and has imparted very little information about the ecological status of 
stream or river quality. Thus, in the 1970s and 1980s, emphasis focused more on the 
development of several score systems and MMI. These approaches facilitate the 
interpretation of large quantities of data resulting from the biomonitoring of water 
quality assessment (Armitage et al., 1983). All these procedures have been based on 
ecological information and served as an important tool for assessing stream impacts 
from both natural and anthropogenic disturbances.  
Currently, some of the popularly used score-based biotic indices include the 
Biological Monitoring Working Party (BMWP) score system and Average Score Per 
Taxa (ASPT)  in the UK (Paisley et al., 2014), Chandler‟s Score System in Scotland 
(Chandler, 1970), the Spanish Biological Monitoring Water Quality (BMWQ) score 
system in Spain (Metcalfe, 1989), Family Biotic Index (HFBI) in North America 
(Hilsenhoff et al., 1988), South African Score System (SASS) in South Africa 
(Chutter, 1994; Dickens & Graham, 2002), Macroinvertebrate Community Index 
(MCI) in New Zealand (Maxted & Stark (2007), and Stream Invertebrate Grade 
Number Average Level (SIGNAL2) in Australia (Chessman, 2003).Initially, most of 
these indices were developed for use in a particular country, however adaptation and 
modification of the indices were in place for wider applicability (e.g. in continental 
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Europe). Figure 1.1 shows the chronology and relationships between the important 
score-based biotic indices that have evolved through a number of refinements, and 
which are solely based on biological data (i.e. macroinvertebrate communities). 
The development of the BMWP score system has contributed significantly to 
bioassessment programs and emergence of several further biotic indices in different 
parts of the world. Because of the inherent advantages, modifications and 
adaptations of the BMWP score system have been developed for use in several other 
countries. These include SASS in South Africa, MCI in the Zew Zealand, SIGNAL 
in Australia and NEPBIOS in Nepal (Figure 1.1). The BMWP score system was first 
introduced in 1980 to provide an index for assessing river water quality in England 
and Wales, using benthic macroinvertebrates (Paisleyet al., 2014). However, a 
weakness of the BMWP approach in common with many other score systems was 
the effect of sampling effort, where a prolonged sampling period was required. 
Subsequently, under certain circumstances, it produced a higher final score than a 
sample taken quickly.  To overcome this shortfall, it has become a common practice 
to calculate the ASPT value by dividing the BMWP Score by the number of taxa. 
Thus, inclusion of ASPT made possible the reappraisal of BMWP/ASPT scores that 
were undertaken by Walley and Hawkes (1996, 1997). Currently, the BMWP/ASPT 
score system has regularly been demonstrated to be a relatively robust tool for river 
water quality assessment in the United Kingdom (Abbasi & Abbasi, 2011). 
The use of the „reference‟ condition approach (RCA) and Before-After-Control-
Impact (BACI) designs are yet other commonly used approaches in environmental 
assessment. The RCA compares and evaluates the potentially impacted biological 
community sites to a community found in minimally impacted „reference‟ sites, thus 
providing a strong basis for site selection (Bowman & Somers (2005). Alternatively, 
BACI design evaluates whether or not a stress has changed the environment and 
estimates the magnitude of the effects (Downes, 2002). With respect to stream health 
assessment, these methods suffer from the inherent difficulty in assigning 
appropriate reference (RCA) or control (BACI) sites. Furthermore, the BACI method 
relies on sampling streams prior to any impact occurring; this is usually difficult to 
achieve. 
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Figure 1.1 The chronology and relationships of some key biotic indices and score systems and their refinements 
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1.3 Macroinvertebrates as most preferable groups in bioassessment 
Historically, aquatic biological organisms have received considerable attention in the 
study of freshwater ecosystems (Duran, 2006). The three most commonly used 
biological aquatic organisms in bioassessment include fish, algae and benthic 
macroinvertebrates (Jiang, 2006; Maggioni et al., 2009; Breine et al., 2010; United 
States Environmental Protection Agency, 2014). Among these, benthic 
macroinvertebrates have proved to be most valid and excellent bioindicators of water 
quality assessment in different running water ecosystems (Hellawell, 1986; Resh & 
Rosenberg, 1993; Hawkes, 1998; Višinskienė, & Bernotienė, 2012), and have been 
currently the subject of numerous investigations (Duran, 2006). Many countries have 
a long history of using macroinvertebrates in freshwater bioassessment because these 
groups of animals are the key components of aquatic food webs that link organic 
matter and nutrient resources with higher trophic levels (Li, et al., 2010). More 
importantly, they are relatively abundant inhabitants of both lotic and lentic habitats, 
spend most of their life cycle in freshwater bodies, and are easy to collect by way of 
well-established sampling techniques (Hellawell 1986; Abbasi & Abbasi, 2011). 
Thus, the assessment based on benthic macroinvertebrates has delivered relatively 
simple and cost effective methods because field sampling techniques are easy, 
require minimum equipment and effort, and a comparatively large amount of data 
can be collected (Borisko et al., 2007; Korte et al., 2010; Varnosfaderany et al., 
2010). Furthermore, this method allows for the assessment of cumulative impacts of 
multiple environmental stressors (Besley & Chessman, 2008; Cristina-Constantina et 
al., 2011; Hughes et al., 2009; Testi et al., 2009) and shows recognizable responses 
to changing environmental conditions (Hering et al., 2004; Hooda et al., 2000). 
Taxonomically, macroinvertebrates are capable of reflecting different anthropogenic 
disturbances through changes in the structure and function in the assemblages, and 
thus provide an overall picture of the stream systems (Hering et al., 2004; Stubauer 
et al., 2010). Environmental stresses are primarily induced by the anthropogenic 
disturbances (e.g. land use changes, pollution from mining, road building, 
urbanization, farming practices etc.) or natural disturbances (e.g. erosion, droughts, 
floods, cold freeze etc.). Because macroinvertebrates can occur in high number and 
display graded responses to various environmental disturbances of river and stream 
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systems, this makes them useful „bioindicators‟ of habitat conditions (Okorafor et al., 
2012).  
Generally, within macroinvertebrate taxonomic groups, members of Ephemeroptera 
(mayfly), Plecoptera (stonefly) and Trichoptera (caddisfly)-(EPT) are widely 
accepted bioindicators in the light of bioassessment programs because of their 
relative abundance in a wide variety of substrates and their graded sensitivity to 
various environmental stressors and pollution impacts (Arimoro & Muller, 2010; 
Bauernfeind & Moog, 2000; Grandjean et al., 2011). Their occurrence, distribution 
and composition are highly influenced by various physical, chemical or 
environmental variables (Bruno et al., 2011; Lock & Goethals, 2011). For instance, 
mayfly larvae exhibit high sensitivity to oxygen depletion that arises as a 
consequence of any organic or nutrient enrichment thereby indicating an area of 
degrading water quality (Hooda et al., 2000; Menetrey et al., 2008). However, 
sensitivity or tolerance measures can be independent of various taxonomic groups 
(Menetrey et al., 2008; Grandjean et al., 2011). For example, members of family 
Caenidae and Baetidae (mayflies) contain some of the most resistant species to 
organic pollution and low oxygen concentration (Grandjean et al., 2011). One such 
incidence was reported in Switzerland whereby two mayfly species viz. Cloeon 
dipterum and Caenis horaria are known to be highly resistant to eutrophic conditions 
(Menetrey et al., 2008). While another incidence was reported in Siberia, Russia in 
which species of Baetis (Baetidae) show the most tolerance to organic pollution 
(Beketov, 2004). Additionally, some mayfly species such as Caenis robusta and 
Cloeon dipterum were found to be surviving in low oxygen levels and high 
conductivity (Lock & Goethals, 2011). Therefore, the sensitivity of mayflies to 
various environmental factors varies significantly among species within the same 
family (Beketov, 2004). Despite the existence of intra-family variation in tolerance, 
there is considerable evidence that mayflies indicate a varied sensitivity or tolerance 
to environmental stressors, hence they are used as successful bioindicators in various 
stream biomonitoring programmes.  
Similarly, Plecoptera, commonly known as stoneflies, provide a high potential for 
bio-indication in the assessment of stream and river conditions. They have limited 
mobility that prevents them from crossing even a small geographical barrier (Weiss, 
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et al., 2012). Their requirement of clean water quality and their high sensitivity to 
habitat changes caused by low concentrations of dissolved oxygen, high temperatures 
or nutrient enrichment, have contributed to their successful and effective use as 
bioindicators of freshwater habitat degradation (Hynes, 1976; Krno, 2007; Kruitbos 
et al., 2012).  
In principle, Trichoptera (caddisfly) compositions generally indicate clean water 
quality together with mayflies and stoneflies in bioassessment surveys of stream and 
water bodies. Some caddisfly larvae are tolerant to stream degradations and as a 
result, the presence of large number of caddisflies especially of the same species 
does not necessarily indicate a good site. However, their wide distribution and high 
tolerance to physical-chemical factors makes it possible to use caddisflies as 
bioindicators in stream biomonitoring programmes. Different caddisfly taxa exhibit a 
wide range of tolerance to lotic temperatures ranging from cool mountain streams 
(i.e. 2ºC) to thermal streams reaching 34ºC or more. For example, Apatania 
muliebris is exclusively found in cool mountain springs while Helicopsyche borealis 
have been noticed to thrive well in thermal stream conditions reaching a temperature 
of 34ºC or more (Mackay & Wiggins, 1979).  This indicates that temperature plays 
an important role in the distribution of trichopteran species. Several studies have 
confirmed that caddisflies can be used as bioindicators of freshwater ecosystems 
because of the fact that they are widely distributed particularly with respect to 
altitudinal range. For example, the taxon Rhyacophila dorsalis is said to be found up 
to 1500 m altitude as well as below 500 m altitude (Chakona et al., 2009; Mălina et 
al., 2010). They are good dispersers at local scales, and have a close relationship 
with the environment (Landeiro et al., 2012), and some species possess low tolerance 
to both physical and chemical factors.  
Such fundamental changes in their behaviour, tolerance and pattern of distribution 
help develop an understanding of the way indices based on macroinvertebrates can 
be used to assess the overall health of freshwater ecosystems. Therefore, members of 
EPT can serve as valuable bioindicators of river and stream health in providing a 
more realistic and accurate understanding of changing aquatic conditions 
(Boonsoong et al., 2009; George et al., 2010; Menetrey et al., 2008), where 
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fluctuations in species composition and abundance can identify areas of stream 
degradation (Hodkinson & Jackson, 2005; Sharma et al., 2006).  
Generally, other taxonomic groups such as Gastropods, Oligochaetes, Dipterans and 
Coleopterans (other than EPT) are also used as bioindicators of water quality in 
bioassessment programs. Several studies have shown that gastropods, with high 
species diversity and broad distributions within aquatic habitats, are useful in water 
quality assessment due to their sensitivity to pollutants (Zhao et al., 2005; Tallarico, 
2015). Similarly, species of family Tubificidae (Annelida: Oligochaeta) have been 
confirmed as an effective biological indicator of stream pollution (Martins et al., 
2008). Likewise, the family Chironomidae (non-biting midges) has received much 
attention worldwide due to their outstanding abilities as bioindicators of aquatic 
environmental conditions. Several recent studies have suggested new approaches 
with chironimids being used for assessing freshwater environmental impact, toxicity 
testing, ecosystem health, as well as palaeonenvironmental studies of climate change 
(Resh & Rosenberg, 2008; Eggermont & Heiri, 2012 as cited in Nicacio et al., 2015). 
Coleopterans also show some features that are useful for bioindication, including 
their abundance, richness and diversity, ease of handling, and sensitivity to small 
environmental changes (Sharma et al., 2013).  
Apart from examining the composition of macroinvertebrates that act as successful 
bioindicators, it is also postulated that several biological traits and life-history 
characteristics of macroinvertebrates (e.g. reproduction, physiological and 
behavioural adaptations, respiration, locomotion techniques and voltinism) are 
important indicators of stream health and the stream‟s resilience to an increasing 
anthropogenic influence (Kovalenko et al., 2014). For example, a study has shown 
that biological and ecological traits have the potential to provide valuable 
information on the structure and the functioning of stream communities (Usseglio-
Polatera et al., 2000). 
Their role as Functional Feeding Groups (FFGs) in running waters is yet another 
important indicator for reflecting trophic-level aquatic attributes in relation to water 
quality. Consequently, in recent decades, the categorization of benthic 
macroinvertebrates by FFGs has gained substantial value as a biomonitoring tool for 
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assessing changes in freshwater environments (Compin & Cereghino, 2007). This 
has enhanced the knowledge and understanding of trophic dynamic processes in 
flowing stream ecosystems (Rawer-Jost et al., 2000; Tomanova et al., 2006). More 
importantly, their presence in a given ecosystem indicates the available food 
resources, hence their distributions respond mostly to environmental stressors that 
alter the food base of the system (Park et al., 2008). In the past decades, studies have 
shown that the pattern of FFGs distribution is directly correlated to environmental 
gradients (Vannote et al., 1980). 
As members of FFGs, macroinvertebrates are both functionally and structurally 
important in the stream ecosystem. They play a fundamental and significant role 
within the food-chain as larger animals such as fishes, amphibians, aquatic birds and 
several mammal species rely on them as a food source (Wallace & Webster, 1996; 
Sharma et al., 2006; Baldaccini et al., 2009; Wang et al., 2012). They also have an 
important influence on nutrient cycles, primary productivity, decomposition, and 
translocation of materials in the aquatic ecosystems (George et al., 2010; Wang et 
al., 2012). The biological diversity within FFGs is crucial because it prevents food-
webs from collapsing. However, the key to macroinvertebrate survival is directly 
dependent on the water quality (Walsh et al., 2007) and their survival can be easily 
affected by various  physical and chemical conditions in streams since they complete 
most of their life cycle in water, and are relatively stationary (Bacey & Spurlock, 
2007). Therefore, deterioration of water quality in stream and river systems has a 
detrimental impact on roles that benthic macroinvertebrates play as members of 
FFGs in freshwater ecosystem processes (Friberg et al., 2009).  
Based on their feeding modes, macroinvertebrates have been classified into five 
major FFGs that include (i) shredders, which feed on leaf litter and other course 
particulate organic matter (CPOM); (ii) grazers, which consume algae, diatoms and 
other associated materials; (iii) gatherers, which collect fine particulate organic 
matter (FPOM) from the stream bottom; (iv) filterers, which collect FPOM from the 
water column and (v) predators, which feed on other consumers (Wallace, 1996; 
Wallace & Webster, 1996). Gatherers and filterers are sometimes collectively known 
as collectors. Furthermore, FFGs may be categorized into specialist and generalist 
groups. Shredders and grazers are presumably considered as specialized groups while 
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those of collectors are generalized groups (Rawer-Jost et al., 2000). Studies have 
indicated that specialized FFGs are said to be more sensitive to environmental 
changes while generalized groups (i.e. collectors) are more tolerant to pollution 
(Barbour et al., 1996; as cited in Rawer-Jost et al., 2000). However, it is important to 
note that the above classifications are not absolute as there may be many different 
organisms that can be classified into the groups listed above in any given stream 
ecosystem.  
As members of FFGs, different taxa play a role of shredders, collectors, grazers and 
predators in freshwater ecosystem processes (Friberg et al., 2009). For example, 
shredders break down CPOM to FPOM that commonly consists of leaf litter and 
other plant parts that fall into the water bodies (Wallace & Webster, 1996). Several 
taxa of stoneflies (Plecoptera), caddisflies (Trichoptera), scuds (Amphipoda), 
craneflies (Diptera) and sow bugs (Isopods) carry out the role of shredders to break 
the detritus down into fine particles. While drifting downstream these fine particles 
become food for the collectors such as mayflies (Ephemeroptera), midges (Diptera) 
and caddisflies (Trichoptera). Shredders are particularly abundant and active in the 
upland streams flowing through densely forested areas because these areas receive 
huge amounts of litter inputs from the surrounding vegetation. Their roles in the 
upland streams are important for the establishment of healthy stream environments 
because they break down CPOM into FPOM, which are transported downstream and 
serve as food source for other downland stream-dwelling organisms (Wallace & 
Webster, 1996).  Similarly, collectors are omnivores that feed on faeces, algae, plants 
parts and animal fragments. These FFGs of macroinvertebrates are further classified 
as gathering collectors and filtering-collectors. Gathering collectors are primarily 
adapted to feeding on FPOM generated from CPOM by the shredders that are 
deposited on the surfaces of substrata. They also strain particles out of the flowing 
stream with nets. In swift flowing streams, taxa from Ephemeroptera, Trichoptera, 
Diptera, crustaceans and molluscs usually represent the prominent gathering 
collectors, while filtering collectors feed on dissolved organic materials as well as 
particulate organic materials from the stream bottom sediments (Wotton, 1988). 
They mostly occur in high stream velocity and low retention habitats, thus their 
distribution is influenced by the stream gradients (Wallace & Webster, 1996).   
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On the other hand, grazers are mainly herbivores crucially feeding on benthic 
primary producers such as blue-green algae, cyanobacteria and diatoms that grow on 
the surface of rocks and other substrates (Wallace & Webster, 1996). Some taxa of 
mayflies, caddisflies, water penny and certain midges are representative of grazers. 
Their abundance and diversity are directly dependent on the amount of primary 
producers within a stream system where fluctuation in amount of productivity will 
affect their population size. On the other hand, study has indicated that their presence 
in the aquatic ecosystems can have great influence or control over the algae growth. 
For instance, a grazing caddisfly can reduce the growth of filamentous blue-green 
algae and this may indirectly promote the growth of diatoms and other diatom-
feeding grazing insects (Wallace & Webster, 1996). Predators represent the final 
functional groups of stream macroinvertebrates. The shredders, collectors and 
grazers serve as a food source for the predators such as dragonfly, dobsonfly and 
other groups of larger animals inhabiting streams (Wallace & Webster, 1996). 
Therefore, FFGs are another classification approach to assess water quality in 
bioassessment that is based on behavioural mechanisms of food acquisition rather 
than taxonomic groups. The benefit of this approach is, instead of requiring to study 
hundreds of different taxa, small groups of organisms can be studied collectively 
based on the way they function and process energy in the stream ecosystem.  
However, some researchers have shown that FFGs approach is not always successful 
to apply in many tropical streams, where information on the functional composition 
of macroinvertebrate communities is limited (Boyero et al., 2009; as cited in Masese 
et al., 2014). Other studies have also reported that related species occurring in 
different regions do not share the same feeding habits (Cheshire et al., 2005; Chará-
Serna et al., 2012), even within regions, some taxa can shift their feeding habits 
in response to changes in land use and riparian conditions (Li & Dudgeon, 2008).  
Therefore, not all macroinvertebrate communities or species can serve as successful 
bioindicators. For many stream ecosystems, their biological diversity becomes 
critical during the times of environmental stresses since every link in an ecosystem 
depends upon other species in the food-web (Friberg et al., 2009; Suhaila et al., 
2012). In some instances, the applicability of bioindicators in heterogeneous 
environments become invalid due to varying physical, chemical and biological 
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factors. For example, populations of indicator species may be influenced by factors 
other than human disturbances (e.g. diseases, competition, parasitism or predation) 
(Holt & Miller, 2011). Additionally, they may not respond to all types of pollutants 
and consequently, their presence or absence in the stream ecosystems may be 
determined by factors other than pollution (e.g. stream velocity, substrates, flood or 
drought conditions) or they may even be strongly influenced by seasonality (Ezekiel 
et al., 2011), thus affecting bioassessment.  
 
 
1.4 Issues and approaches 
Although the conceptual basis for development of each index may depend on 
different assumptions and parameters, they share a common goal; to provide a useful 
tool that can be used in assessing the stream or river health in a more robust way. 
Furthermore, the main underlying rationale is that the different indices offer robust 
and sensitive insights into how biological communities respond to both natural and 
anthropogenic stressors. However, several challenges may arise when developing 
robust biological indices and the ways researchers address these challenges can vary, 
and such variations may influence index performance. For example, one of the 
biggest challenges for any bioassessment is accounting for naturally occurring 
spatio-temporal variability in assemblage composition of stream biota (Hawkins et 
al., 2010). Failure to adequately account for any natural variation in community 
composition can result in confounding of natural and human-caused effects on 
macroinvertebrates and may lead to inaccurate assessments of stream quality. For 
example, high seasonal or inter-annual variations in the community composition and 
abundance patterns of macroinvertebrates may be attributed to life-cycle events (e.g. 
food resources, recruitment time, growth or mortality rate etc.), that may potentially 
affect the performance of indices (Yong & Hawkins, 2011).  
As seasonal changes are a natural phenomenon which may complicate interpretations 
and comparisons of scientific data (Carter et al., 2007), it is crucial to know the 
influence of the seasonal variations on the distribution and diversity of 
macroinvertebrates. Moreover, streams in many areas (e.g. monsoonal environments) 
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are subject to extreme seasonal variation in flow (Brewin et al., (2000). Several 
studies have shown that the seasonal impact on the emergence of macroinvertebrate 
adults was evident in different parts of the world (Vlek et al., 2006). For example, a 
study by Suhaila et al., (2012) in Malaysia, reported that the seasonal variation 
influences the abundance and diversity of EPT adults in tropical forest streams. In 
general, their study indicated a high emergence of EPT adults during the dry season 
(January-July), the highest emergence being recorded in May and June, than during 
the wet season (August-November). A similar finding was reported by Ezekiel et al., 
(2011) in Nigeria.  Significant seasonal variation was observed between wet season 
and dry season where the dry season had higher macroinvertebrate abundance than 
the wet season. Seasonal fluctuations in the density of macroinvertebrates also 
reported in India (Sharma & Rawat, 2009) and in Nepal (Brewin et al., 2000) where 
the maximum density of macroinvertebrates occurred during winter and the 
minimum during wet monsoonal season. Studies have reported that seasonality in 
macroinvertebrates is subjected to seasonal abundance of food materials that may 
strongly influence the life cycles of stream macroinvertebrates (Flannagan & Lawler, 
1972; Hynes, 1976; Leunda et al., 2009). For example, Joshi et al., (2007) indicated 
that maximum density of benthic invertebrates was observed during winter months 
since these times of the year are associated with the availability of food in the form 
of phytoplankton.  
In contrast, a study by García-Roger et al., (2011) in Mediterranean streams reported 
that macroinvertebrate abundance and richness was higher during the wet season 
compared to dry season. Their findings indicated the presence of sensitive taxa 
during high discharge and more tolerant taxa under low discharge conditions. A 
similar pattern of seasonal variation in macroinvertebrate community was also 
reported by Suhaila et al., (2012) that, among EPT composition, the abundance of 
Ephemeroptera taxa was shown to be significantly higher during the wet season. 
Different EPT orders may respond differently to seasonality. For example, Leunda et 
al., (2009) reported the highest Ephemeroptera family diversity during the wet 
season as compared to Plecoptera and Trichoptera. Lower numbers of predators 
could also be an important factor explaining the flourishing of Ephemeroptera taxa 
during the wet season (Suhaila et al., 2012). Nevertheless, many studies have 
indicated that the main influence of seasonal variation is in terms of changes in 
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species abundance rather, than complete species replacement (Brooks, 2000). In the 
past decades, Boulton et al., (1992) also indicated that many macroinvertebrate taxa 
are persistent during the disturbance events and they can quickly re-establish their 
population after disturbance. Therefore, developing an understanding of seasonal 
variability of macroinvertebrate community composition and its influencing factors 
are crucial for the development of robust tools/ indices in the light of bioassessment 
programs. 
Another potential source of error for most biological indices is that the index 
calculation is primarily based on the number of taxa present in a sample. The taxa 
present in a sample can be dependent on a variety of fluctuating environmental 
conditions such as temperature, dissolved oxygen concentration, conductivity, pH, 
water flow regime, stream depths and widths, habitat specifics (e.g. riffles and pools) 
or substrates preference, thus in turn, making macroinvertebrate abundance highly 
variable across space and time (Murphy, 1978; Sweeney et al., 1986; Murphy & 
Giller, 2000). Different taxa clearly respond in different ways to a range of 
environmental variables (Quigley, 1982; 1984; Menetrey et al., 2008; Leunda et al., 
2009; Korte, 2010; Abdul Hamid & Md Raw, 2011). For example, a study by Hrovat 
et al., (2009) revealed that water conductivity along with nitrate, dissolved oxygen 
concentration or stream depth were found to have the most influence on the 
distribution and community composition of mayfly and stonefly taxa in Slovenia. 
Similar findings have been reported by several other authors (e.g. Solda´n et al., 
1998; Krno, 2003; as cited in Hrovat et al., 2009) suggesting that these factors have 
high potential to determine the species composition of mayfly and stonefly within 
many riverine systems.  Other factors such as predation, high bacterial composition 
or chemical attributes (e.g. nitrate or phosphorous concentrations) were also regarded 
as important components that decrease the water quality and thereby impact on the 
biological macroinvertebrate community composition (Beketov, 2004; Lock & 
Goethals, 2011; Menetrey et al., 2008).  
Habitat diversity enhances diversity in the benthic macroinvertebrate community as 
different species make use of the varying conditions available in the different 
habitats. In river and stream substrates, the highest density of benthic invertebrates is 
often found at depths of 5 to 20 cm, where there is food-rich porous sediment 
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(Suhaila et al., 2012). A good quality habitat is generally heterogeneous, with slow 
and fast moving water, well oxygenated water, presence of a wide variety of 
substrates and woody debris, well vegetated habitats and stable stream banks. 
Therefore, natural variation in stream habitats and water chemistry can lead to 
variation in abundance and diversity of aquatic macroinvertebrates. Altitude is 
another driving factor that determines the species richness. A study undertaken by 
Bruno et al., (2011) in the south-eastern Alps, Italy indicated that species distribution 
and assemblages of EPT orders were determined by stream elevations. This factor is 
correlated with temperature as high elevation headwaters will possess cooler summer 
temperature than lower elevated streams. Additionally, both air and water 
temperature and predation stress may partly induce pressures on abundance, 
distribution and diversity of aquatic insects. For example a study by Suhaila et al., 
(2012) in Malaysian tropical streams indicated that fewer predators contributed to 
high diversity of Ephemeroptera families compared to Plecoptera and Trichoptera 
families. 
While natural background variation will influence the range of macroinvertebrate 
species captured in a bioassessment survey, the bioassessment outcome can also be 
influenced by sampling and analysis procedures. For example, bioassessment 
procedures vary in relation to the number of animals that an index is based on (e.g. 
exhaustive vs fixed count samples) (Clarke et al., 2002). Rare species are less likely 
to be represented in samples based on fewer individuals. The extent to which these 
rare species influence bioassessment scores is unclear. For example, do these rare 
species improve the sensitivity of indices to anthropogenic stressors, so that indices 
can detect both moderate and severe alteration of stream systems. In an effort to 
resolve this issue, some studies have showed that exclusion of locally rare taxa 
improves the index performance (e.g. Ostermiller & Hawkins 2004), while other 
study reported that exclusion of rare taxa does not always improve the index 
performance (Sickle et al., 2007). Therefore, exclusion or inclusion of rare taxa is 
still the subject of continued debate in bioassessment programs.    
Another pertinent issue in bioassessment program relative to field sampling effort 
and data analysis relates to macroinvertebrate taxonomic resolution. It is generally 
considered that taxonomic resolution down to species level identification is desirable 
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as this will provide the greater amount of required information. However, reliable 
species-level identification for many invertebrates is often difficult, requiring a high 
level of skill and well set up laboratory, resources that are not always available, 
particularly in the developing countries, where the bioassessment is still at an infant 
stage. Therefore, most monitoring programs across the world have chosen to use taxa 
identified to the level of family as this is considered an appropriate and sufficient 
measure elsewhere (e.g. Brazil, Australia etc.) that showed sufficiently high 
similarity between family and species level patterns and their result interpretations 
(Metzeling at al., 2006; Buss & Vitorino, 2010). 
Initially, stream bioassessment programs were qualitative in nature, later it has 
transformed to quantitative, but in the mid-1980s, the need for cost-effective 
biological survey techniques was realized. This has led the bioassessment programs 
again reverting to qualitative with Rapid Bioassessment Protocols (RBPs) (Resh & 
Jackson, 1993). RBPs are a practical technical approach with low cost and easy to 
use with minimum time involvement, yet scientifically valid approach for biological 
surveys (Boonsoong et al., 2009) that will allow long-term and widespread routine 
monitoring systems (Buss & Vitorino, 2010). The basic information obtained from 
RBPs would enhance the coverage of broad geographical assessments of freshwater 
bodies. Therefore, RBPs are essentially a synthesis of existing bioassessment 
approaches designed to supply pertinent, cost-effective information when applied in 
an appropriate way. 
Given its overall cost-effective principle and scientifically valid procedures for 
biological surveys, RBPs have been increasingly used in most of the developed 
countries for assessing biological condition of water quality and ecological health of 
aquatic ecosystems (AQEM, 2002; Chessman, 1995; Plafkin et al., 1989; as cited in 
Buss & Vitorino, 2010), but the rest of the world still continues to based its water 
quality indices predominantly on traditional physical and chemical approach (Abbasi 
& Abbasi, 2011). However, the recent development of an assessment system to 
evaluate the ecological status of the river and stream systems in the Hindu Kush-
Himalaya (HKH) region was the prime initiate of how bioassessment is developing 
as a viable tool in the region (Barbour, 2008).  
  
Chapter 1: Developing an understanding of the literatures relative to current study 21 
 
 
1.5 A bioassessment system for the HKH region - development and 
issues 
Rivers and streams in the HKH region are currently under a variety of human 
pressures. The serious problems associated with the freshwater ecosystems in the 
HKH region are degrading water quality and subsequently loss of ecological 
functions and services (Korte et al., 2010; Shrestha et al., 2009; Stubauer et al., 
2010). Vast areas of freshwater ecosystems in the region have been altered through 
organic pollution, eutrophication, hydro-morphological degradation and land use in 
the water catchment that is mainly a result of anthropogenic stressing factors such as 
runoff from agricultural point sources (e.g. inorganic manure, silage), urbanization 
(e.g. untreated sewage, landfills etc.), cumulative impacts from highway road 
construction (e.g. sedimentation), and resource-based industries, such as mining and 
construction of power transmission infrastructure (Friberg et al., 2009; Korte, 2010). 
Such cumulative effects of human induced environmental stressors have not only 
altered the biotic functions and services of the freshwater macroinvertebrates but also 
modified the river and stream substrata and physical-morphological distinctiveness 
of freshwater ecosystems. As a result of these various human generated disturbances, 
many pristine river and stream sections have lost their ability to provide ecological 
services for the human society (Shrestha et al., 2009). For instance, road construction 
induces abiotic changes such as an increase in sedimentation, habitat fragmentation 
or destruction that can alter the community composition, decline in abundance of 
benthic macroinvertebrates and loss of purity of water for drinking purposes 
(Hedrick et al., 2010; Wang et al., 2012).  
Biological assessment of water quality in the HKH region is relatively new (Shrestha 
et al., 2009; Korte et al., 2010). Historically, water quality assessment in this region 
has relied primarily on the analysis of physical and chemical data (Shrestha et al., 
2009; Stubauer et al., 2010) and as such these monitoring approaches have provided 
only a partial assessment of the health of aquatic environments (Hughes et al., 2009). 
However, more recently, ecological surveys of freshwater macroinvertebrates across 
five South Asian countries (Bangladesh, Bhutan, India, Nepal and Pakistan) have 
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contributed to the development of a biological assessment system that is designed to 
evaluate the ecological status of rivers and streams in the HKH region. A three-tier 
methodology namely a rapid field screening bioassessment method (the 
HKHscreening), a score-based bioassessment method (the HKHbios/or 
HKHBIOSCORE) essentially for higher taxonomic bio-indication units (e.g. genus, 
family and order level) and a multi-metric bioassessment method (the HKHindex) 
have been developed based on five ecoregions and five HKH based South Asian 
countries (Shrestha et al., 2009; Hartmann et al., 2010; Ofenböck et al., 2010). The 
assessment tools were jointly developed by the European partner countries (i.e. 
Austria, Czech Republic and Germany) who provided their experiences/or expertise 
in the research area and the five HKH partner countries, who provided the 
knowledge about river catchment areas (Shah et al., 2008). 
The HKHscreening is a rapid field screening bioassessment method that could be 
used with or without software. Basically, the assessment procedure is based on 
sensoric criteria and samples taken could be identified in the field itself, by using the 
bio-indicative value of benthic macroinvertebrates. However, it is recommended to 
further confirm the field identification of samples (biota) in the lab. The conception 
of the HKHscreening method was based on Austrian method for screening the 
ecological status of rivers and streams, called “Assessment of Sapro-biological 
Quality of Rivers” (Hartmann et al., 2010), and primarily developed for assessing the 
ecological status of a site impacted by organic pollution. It is also suggested that this 
screening method is applicable for estimating the impacts of weirs and dams in the 
stream or river systems. The method provides an overview on the stream or river 
quality status of an investigation site. The sampling procedure of the HKHscreening 
method follows the multi-habitat approach (Moog, 2007; as described in Hartmann et 
al., 2010), and sample usually consists of 20 sampling units of macroinvertebrates 
representing from all microhabitat types at the sampling site. But about 10 sampling 
units would be sufficient for the purpose of river quality mapping. It is recommended 
that more samples would be required if some targeted organisms are still missing in 
the samples taken. On the other hand, in case of heavily deteriorated stream system 
with a poor fauna, even less than 10 sampling units can be taken. Finally, the 
assessment of a river stretch through the HKHscreening method results in the 
estimation of five river quality classes with its corresponding interpretation/or 
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description such as river class I (high), class II (good), class III (moderate), class IV 
(poor) and class V (bad) (Hartmann et al., 2007). This method serves for the purpose 
of „early warning‟ method and the results generated via this method allows to quickly 
identify areas requiring urgent attention or to set priorities for detailed investigation. 
The rationale behind the HKHscreening method is an eco-friendly cost-effective tool, 
but based on scientifically valid procedures for bioassessment surveys that have 
provision for multiple investigations of sites, and quick availability of results for 
management decisions (Hartmann et al., 2010).  
The HKHbios or HKH Biotic Score is a score-based assessment method based on 
higher taxonomic groups (e.g. order/ or family) which requires only simple data 
processing. Within the HKHbios assessment system, stream dwelling benthic 
macroinvertebrates are ranked using a ten point scoring system. The scoresreflect the 
sensitivity of taxa to organic pollution, chemical pollution as well as on 
hydromorphological deficits. Taxa with highscores (e.g. score of 10) indicate high 
sensitivity to environmental stressors and taxa with low scores (e.g. score of 1) 
indicate hightolerance to stressors (Ofenböck et al., 2010).  To accomplish this, a 
total of 199 taxa were scored for the HKHbios. The final HKH taxa scoring list 
comprises of 2 taxa on class level, 139 taxa on family level, 4 taxa on 
genus/subfamily level, 51 genera and 3 taxa on species level. The method was 
designed for the stream or river quality assessment of both mountainous and lowland 
HKH based ecoregions. A total of 186 taxa were assigned scores for highland 
streams or rivers, while scores are available for 155 taxa for lowland streams or 
rivers (Ofenböck et al., 2010). The final HKHbios is generated as a weighted mean 
of scores. The resulting value (i.e. HKH-biotic score) can directly be compared to the 
corresponding river quality class (as discussed above in HKHscreening). As the 
score-based assessment method is mainly based on higher taxonomy groups, it can 
be easily applied by any trained biologists and also claims to be more applicable to a 
wider geographical range and various substrate types (Ofenböck et al., 2010). The 
HKHbios is the expansion of score-based method used for assessing the Nepalese 
rivers (e.g. NEPBIOS; Sharma & Moog, 1996) (Figure 1.1). 
The HKHindex is the multi-metric assessment method for detailed analysis of 
biological data on the basis of best available taxonomic resolution (Hartmann et al., 
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2007). This method integrates the effects of a wide range of environmental stressors 
such as organic pollution, eutrophication, hydromorphological deterioration and 
acidification on the river ecosystems (Korte et al., 2010; Shrestha et al., 2009). In 
this method, metrics such as the richness measures (e.g. number of family, number of 
EPT taxa), composition measures (e.g. % of EPT, % Diptera taxa), diversity 
measures (e.g. the Shannon Weiner Index) or functional measures (e.g. functional 
feeding groups) are determined and calculating the mean value from the set of core 
metrics that derived from a given sampling site gives the value of HKHindex. To 
accomplish this, the measured metrics are transformed into unitless scores with 
values between 0 and 1. Finally, the multimetric HKHindex is calculated by 
averaging the scores and each multimetric HKHindex could be directly assigned to a 
river quality class for interpretation. However, it is said that this method only allows 
a rough estimation of ecological quality class and therefore suggested to calibrate in 
concordance with results of HKHscreening and HKHbios (Hartmann et al., 2007).  
While a freshwater quality index has been developed for the region, there has been 
only limited study of stream dwelling macroinvertebrates and their utility as 
bioindicators in Bhutan (Shrestha et al., 2009; Korte et al., 2010). Additionally, 
despite their proven utility in rapid bioassessment program, biological water quality 
indices must be carefully studied and interpreted using supplementary data and, their 
significant limitations must always be borne in mind. Consequently, this research 
project will address this gap in knowledge by undertaking a detailed study of stream 
macroinvertebrates in typical streams found in south western Bhutan.  
 
1.6 Rational 
Human activities have affected the condition of freshwater ecosystems worldwide. 
Physical alteration, chemical pollution, hydro-power generation and over-
exploitation of water resources all contribute to the decline in freshwater stream and 
river biota. The subtropical part of south-west Bhutan (i.e. Samtse district) possesses 
several important streams and rivers that are identified as the Samtse Area Multi-
river system. The growing anthropogenic influences within this area include a 
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number of mining sites, and industrial and manufacturing units that have been 
developed because this part of Bhutan has an abundance of natural resource deposits 
(e.g. talc, dolomite etc.), and it has easy accessibility for export to neighbouring 
countries such as India and Bangladesh. Additionally, the current pace of socio-
economic developmental activities and achieving district-wide national development 
targets set forth based on the ongoing 11
th
 five year plan places even higher demands 
on the already stressed freshwater ecosystems. Moreover, biological-based water 
quality assessment has not been previously carried out in this part of Bhutan, even 
though the area includes many pristine sources of smaller rivers and streams that 
flow down to the Indian plains.  
Consequently, this provides an avenue for the application of bioassessment program 
using stream dwelling macroinvertebrates as bioindicators to assess the status of 
water quality in this part of Bhutan. In this context, the existing HKH biotic score 
methods, or HKHbios, holds an obvious advantage as they could be applied quickly 
and without the costs associated with the development of a new index. More 
importantly, this study creates an avenue to investigate the applicability of the HKH 
derived biotic score methods in the context of Bhutanese streams, given that the 
method is claimed to be applicable to a variety of stream types in a wider 
geographical range of five Asian countries. This study also aims to determine the 
response of macroinvertebrate groups to periodical monsoonal impact as this part of 
Bhutan receives the heaviest rainfall during the monsoon season. Therefore, the 
science-based information obtained from the current research may promote 
the bioassessment program and serve as baseline information for future research in 
Bhutan and other developing countries in the region. Such studies are also important 
to determine whether the bioassessment studies using the existing HKH method 
remain consistent and applicable to other parts of Bhutan, and other rivers and 
streams in the region. 
 
 
1.7 Research objectives, significance and scope 
The geographical location of Bhutan falls within the heart of the HKH region 
(latitude: 26º40′ - 28º20′N; longitude 88º45′ - 92º25′E) that includes eight south 
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Asian countries with a total land cover of 600,000 km
2
 extending from Afghanistan 
in the west to Myanmar in the east (Korte et al., 2010; Ofenböck et al., 2010). 
Freshwater ecosystems and water quality monitoring are of paramount importance as 
this region possesses one of the largest freshwater reserves in the world (Ofenböck et 
al., 2010). The area provides pristine sources for ten major Asian rivers namely, the 
Amu Darya (Afghanistan,Tajikistan, Turkmenistan, Uzbekistan), Indus 
(China, India, Pakistan), Ganges (India, Nepal, China, Bangladesh), Brahmaputra 
(China, India, Bhutan, Bangladesh), Irrawaddy (Myanmar), Salween (China, 
Myanmar, Thailand), Mekong (China, Myanmar, Laos, Thailand, Cambodia, 
Vietnam), Yangtse (China), Yellow River (China), and Tarim (Kyrgyzstan, China) 
(International Centre for Integrated Mountain Development, 2013),  and water 
resources to a population of more than 210.5 million people living in the region 
(Stubauer et al., 2010). The extended basins of these river systems provide water 
resources to more than 1.3 billion people (Ofenböck et al., 2010).  
Bhutan has four major river basins (Figure 1.2), namely: the Amo Chhu (Toorsa), the 
Wang Chhu (Raidak), the Puna Tsang Chhu (Sunkosh) and the Drangme Chhu 
(Manas) and all of these rivers are fed by snow melting, glacial lakes and monsoon 
rains that drain onto the Indian plains (Uddin et al., 2007; National Environment 
Commission, 2011). In addition, there are several other smaller rivers and streams 
mostly occupying the southern parts of the country. These include the Samtse Area 
multi-river, Gelegphu Area multi-river, Samdrup Jongkhar Area multi-river and 
Shingkhar-Lauri multi-river (National Biodiversity Centre, 2009; NEC, 2011). The 
present study was confined to the Samtse Area multi-river of south-western Bhutan 
(Figure 1.2).  
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Figure 1.2 A map indicating the four major river Basins and stream drainage 
patterns in Bhutan.Source: Adapted from http://www.mapsofworld.com/bhutan-
river-map.httml 
 
 
 
Although, Bhutan is blessed with several pristine sources of both perennial and 
seasonal stream or river systems, freshwater ecosystems are particularly fragile and 
vulnerable because they are in the region characterised by young fold mountains with 
high elevation and steep gradients and there is increasing evidence in the landscape 
of anthropogenic disturbances as human settlements are confined mostly to interior 
river valleys and a strip of southern plains (Penjore & Rapten, 2007). Currently, there 
has been an unprecedented rate of encroachment of human modified environments 
into natural intact ecosystems in Bhutan (National Environment Commission, 2011). 
Apparently, the main causes of this invasion are the current rate of socio-economic 
development, hydro-power plants, the high population growth rate, the recent rise in 
rural-urban migration and consequent urbanization, especially in larger cities such as 
Thimphu, Paro and Phuentsholing (Walcott, 2009). The urban population is expected 
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to increase four-fold over the next 20 years and reach 50% of the total population by 
2020 (Rinzin et al., 2005). Small towns and cities are expanding at a rapid rate 
resulting in the conversion of natural environments into human-modified landscapes, 
and resulting in a reduction of much of the natural environment. Land use changes, 
soil depletion including degradation and erosion, water pollution, habitat 
fragmentation and degradation were identified as potential threats to freshwater 
habitats and human resources in the future (Penjore, 2009). Bhutan is a developing 
nation and the expansion of infrastructure and other development activities are 
expected to increase in the future (Rinzin et al., 2005).  
As noted above, the HKH partner countries have developed bioassessment methods 
based on stream dwelling macroinvertebrates to assess the water quality of 
freshwater ecosystems in the region (Korte et al., 2010). Given the expanding role of 
these methods in water quality assessment and environmental management in the 
region, there is a need to evaluate the performance of the methods to ensure that they 
are adequately robust enough and reliable indicators of water body impairment. 
Additionally, these methods require some understanding of the ecology of the 
species that are used as bioindicators. The utility of these indices will depend on 
understanding the processes that can influence the presence and detection of these 
macroinvertebrate taxa in the context of the biological systems that they occupy. For 
example, in the rivers and streams of Bhutan, macroinvertebrates may be lost from 
the system during the monsoon season in periods of high flow and high turbulence, 
and recolonize during periods of base flow. Therefore, species may be missing from 
a stream due to seasonal recruitment variability, rather than being due to 
unsuitable/impacted stream conditions. Species missing, or present but in low 
density, may influence any water quality index derived at a site due to sampling 
issues, so the sampling process can also be important.   
Therefore, this study is intended to fill this gap by examining the use of 
macroinvertebrates as bioindicators for water quality assessment in Bhutanese rivers 
and streams by undertaking a detailed study of stream macroinvertebrates in typical 
streams found in south western Bhutan. The primary aim of this PhD project was to 
improve our understanding of the application and reliability of HKH derived water 
quality index that based on macroinvertebrates, to selected Bhutanese streams. 
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The specific objectives of the investigation are to: 
 gain knowledge about macroinvertebrate families present in the streams of 
southwest Bhutan;  
 gain understanding of the species targeted as key indicators of water quality; 
 acquire knowledge about how monsoon and high stream flow affect stream 
fauna and therefore water quality indices;  
 evaluate how robust is an HKH derived biological methods to variation in 
sample size, field sampling techniques and variations between individual 
assessors; and 
 recommend for areas of further improvement of the existing HKH score in 
more robust way of bioassessment tools where justified by this research. 
 
Increasing unplanned human settlement, agricultural practices, and lack of system 
management will be reflected in the water quality of surrounding streams. Improving 
the understanding of ecological aspects that determine whether the streams or rivers 
are supporting desired aquatic life and maintaining good water quality in the region 
of Bhutan is of paramount importance, not only for its biological implications but 
also for the proper management of freshwater bodies. The metrics used to assess 
water quality of these streams would also help with monitoring the restoration of the 
stream‟s abilities to support a diverse and healthy biological community in 
freshwater ecosystems. Therefore, the publication of stream habitat and 
macroinvertebrate community data and adaptation of scientific approaches is 
intended to help public debate about stream pollution from the scientific to political 
forum. In addition, findings of this research can inform other groups working in 
similar types of research area. More importantly, the information derived from this 
research would enhance better understanding for the improvement of appropriate 
biological tools for assessing water quality and stream habitat degradation in the 
region.  
Therefore, more specifically, the study will address the following research questions: 
1. Do selected key physicochemical parameters vary across streams with different 
surrounding land uses, and is this variation consistent over time? Given the 
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level of disturbance types vary among sampling streams, it is expected that 
measured physicochemical parameters may vary among sampling sites and 
potentially influence the macroinvertebrate assemblages and community 
structure.  
 
2. What macroinvertebrates are present in the streams of south west Bhutan?         
Previous studies (e.g. Korte et al., 2010; Ofenböck et al., 2010) have identified 
macroinvertebrate species for low lying areas and for mountainous areas of the 
HKH region, but the stream dwelling macroinvertebrates found in habitats 
between these two specific areas of this study need to be determined. 
 
3. How does the pattern of composition and abundance of key taxa change over 
the time under different level of disturbances? Do species persist in streams 
over the whole year (local recruitment) or are they recolonising streams from 
other sources after periods of high flow? The biological index of water quality 
will depend on the abundance of macroinvertebrates. If the abundance of 
sensitive or tolerant species changes with the seasons then this will affect the 
water quality index. So by examining their seasonal change in abundance it 
will enable a better understanding of possible variations in the index. This will 
be measured by examining the patterns of presence and abundance of species 
over the year to see if numbers vary significantly over time.  
 
4. Does high stream flow influence water quality in different streams that have 
been exposed to different levels and types of disturbance? Information from 
questions above will tell us whether the monsoon influences the water quality 
in undisturbed streams. This question will examine whether the same pattern 
occurs in streams subject to different types of disturbance (settlement impact, 
agriculture impact, natural land erosion impact etc.). The monsoon may reset 
water quality values in all streams to the same levels, and then there is a 
different pattern of impact over the low flow non-monsoon period. 
Alternatively, the monsoon may affect water quality levels, but 
macroinvertebrate assemblages in disturbed streams do not recover to the same 
levels as undisturbed streams. 
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5. How robust is the HKH derived water quality index given variability in field 
sampling efforts in terms of sample size, sampling techniques and experience 
of samplers? The biological measurements are a key way of assessing water 
quality – but to be successful they have to be robust enough to cope with user 
variations (i.e. different assessors using the method should get the same water 
quality score in the same location), and variation in sampling effort (water 
quality scores should be independent of sample size and sampling techniques). 
 
 
Given the current pace of growing environmental stresses on freshwater ecosystems 
in Bhutan, it is important that the stream processes are better understood and 
appropriate management strategies are devised to remediate such stresses. Scientific 
research should enhance the knowledge regarding the biology of species being used 
as key bioindicators of water quality and address the specific nature of anthropogenic 
disturbances that result in the deterioration of stream quality.  
This thesis comprises the following five main chapters:  
Chapter 1 begins with comprehensive literature reviews based on both past and 
current scientific-based information in the light of freshwater bioassessment 
programs in different parts of the world. The chapter essentially reviews the concept 
and evolutionary trends of bioassessment programs and highlights on the 
development of some of the most widely used biological indices using benthic 
macroinvertebrates for assessing the ecological status of stream and river health 
across the world. The chapter also discusses the various roles and functions of 
benthic macroinvertebrates (e.g. bioindicators, functional feeding groups at the 
trophic level) that play within the freshwater ecosystems relative to environmental 
degradation. The latter part of this chapter highlights on the general description of 
the geographical location of study area, research background, significance and scope 
of research, research questions (hypotheses) and the thesis outline.  
Chapter 2 outlines site selection and description, and provides an assessment of some 
key physical and chemical properties of the selected streams. Specifically, the 
chapter presents the following: (a) a general description of the study area and specific 
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study sites selected, (b) outlines the general field sampling methods and (c) provide 
an assessment of selected physicochemical parameters of the sites selected in the 
subtropical streams of southwest Bhutan.  
Chapter 3 discusses the general observations of family level macroinvertebrate 
community composition, abundance patterns, richness, diversity and includes critical 
analyses on the spatio-temporal variability of some key 10 common families over 
one annual cycle.  
Chapter 4 focuses on the performance of the eco-region based HKH derived biotic 
score (HKHbios/HKHBIOSCORE) and its robustness and applicability of the score 
system, given that the variability in terms of sample size, sampling techniques and 
experience of samplers. 
Finally, Chapter 5 is the general discussion on the critical findings of each chapter 
and provides recommendations for areas of future research necessary for a more 
robust water quality assessment in the region. 
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Chapter 2:  Site description, general methods and an assessment of 
physicochemical parameters 
2.1 Introduction 
The richness, diversity and composition of benthic macroinvertebrate communities 
along rivers or streams are affected by a number of physicochemical parameters 
(Graça et al., 2004). These physicochemical parameters can be influenced by a range 
of natural and anthropogenic disturbances including seasonal changes of stream flow 
regime (García-Roger et al., 2011), stream high flow events (e.g. monsoonal high 
flow) (Jacobsen et al., 2014), or human induced activities that occur at the watershed 
or landscape scale (Carlisle et al., 2014; Robinson et al., 2014). Studies have 
suggested that landscape modifications (e.g. deforestation, urbanisation, agriculture 
land uses or settlement) are associated with various stream hydrological alterations 
(Kazi et al., 2009; Pedersen & Friberg, 2007; García-Roger et al., 2011; Kłonowska-
Olejnik& Skalski, 2014; Md Rawi et al., 2014). Such changes in the stream systems 
may have detrimental effects on the composition and distribution of 
macroinvertebrates and other aquatic communities (Bhattarai, 2011). For instance, a 
study conducted by Sponseller et al., (2001) in south-western Virginia suggested that 
macroinvertebrate assemblages were most closely related to land-use patterns. They 
found that local streamside developmental activities effectively altered 
macroinvertebrate assemblage structure.  
A number of factors need to be considered and assessed in order to examine a water 
quality index based on macroinvertebrate communities. Where the aim is to examine 
variation in a water quality index, sites selected for study should vary in terms of 
surrounding land use and / or human impacts, but be broadly similar in terms of 
general catchment attributes. That is, differences in macroinvertebrate communities 
generally should be a response to human activity, rather than being a result of 
differences in geographical location or landscape variation, or large differences in 
stream morphology.   
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Site selection is an important component of all biomonitoring procedures. While site 
selection can be based on general qualitative attributes (stream location, altitude, 
position in catchment etc.), quantitative assessment of a number of physicochemical 
variables can be used to identify environmental differences that macroinvertebrates 
might be exposed to in different streams.  
At a larger scale, macroinvertebrate richness and diversity can be affected by a 
number of stream abiotic conditions such as water temperature, DO, conductivity, 
pH, catchment area, and stream depths and widths. At a stream reach scale, physical 
factors that can be responsible for influencing macroinvertebrate distribution and 
richness are flow velocity, substrate types and sediment grain sizes (Graça et al., 
2004). Therefore, an important component of any study of macroinvertebrate 
assemblages must include information relating to stream physical and chemical 
conditions. 
This chapter outlines site selection and description, and provides an assessment of 
some key physical and chemical properties of the selected streams. Specifically the 
aims of the chapter are to: (a) provide a general description of the study area and 
specific study sites selected, (b) outline the general field sampling methods and (c) 
provide an assessment of selected physicochemical parameters of the sites selected in 
the subtropical streams of southwest Bhutan.  
It should be noted that variation in stream quality among the six selected sites were 
assumed due to differences in riparian and catchment landuse. Ideally, numerous 
chemical components (e.g. concentrations of nitrite, potassium, phosphorus, 
turbidity, biological oxygen demand, total solid subspension etc.) could have been 
taken into consideration to confirm differences in stream health. Similarly, there was 
no hydrological or geological composition data available for the streams studied. In 
this study therefore, a detailed catchment analysis could not be carried out due to 
limited time and constraints associated with access to laboratory facilities and 
equipment.  
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2.2 Study Area 
 
2.2.1 Location 
The study area is located in the southwest part (viz. Samtse District) of the 
Himalayan Kingdom of Bhutan (Figure 2.1a & b), approximately 26
o
56'39.28"N, 
89
o
2'25.70"E. The Samtse District covers an area of approximately 1582 km
2
 with its 
elevation ranging from 300 m to 3800 m above sea level (Ministry of Agriculture, 
1997). The district possesses several streams and rivers that are identified as the 
Samtse Area Multi-river system (National Environment Commission, 2011), and all 
streams eventually drain out into the low lying Indian plains, and providing water 
resources to several million people on the low lands. The climate is mainly wet 
subtropical and the region is distinguished by four seasons:  spring (March – May), 
summer (June – August), autumn (September – November) and winter (December – 
February) (National Statistics Bureau, 2010).  
 
 
(a) Map of Bhutan  
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(b) Map of Samtse district  
 
Figure 2.1 Maps showing (a) the location of Samtse district in Bhutan, (b) the 
location of sampling sites in the streams of southwest Bhutan. 
 
 
 
 
 
2.2.2 Rainfall and Temperature 
A key feature of the climate in the study region is the wet monsoon starting by June 
and lasting until the middle or end of September (National Statistics Bureau, 2010). 
The monsoon weather in the region brings heavy rains, high humidity, flash flooding, 
landslides and numerous misty, overcast days. The study area in particular is affected 
by monsoons that bring about 60 to 90 percent of the region‟s rainfall and the district 
experiences the highest annual precipitation of the country (National Statistics 
Bureau, 2010). Rainfall and temperature data were available from the Sipsu Bureau 
of Meteorology Station that occurs within the study region. Mean annual rainfall and 
temperature was derived from the 15 years (i.e. 1996 -2010) available data, and are 
presented in Figures 2.2 & 2.3 respectively. Data indicated that monthly average 
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rainfall varies from the minimum value of 18.8mm in November and remains 
relatively low (<100mm) through the dry winter months to February. Thereafter, it 
increases steadily to a high of 1334.5mm during the peak monsoon month (July) 
(Figure 2.2), which keeps the stream flow high during the wet monsoon season. 
However, stream flow characteristics might also be determined by geographical 
location, origin of the streams and the time of year. For example, for some streams in 
the study region, particularly the perennial ones, snow melt runoff on high mountains 
can be an important component of the surface flow during the winter and spring 
seasons. Therefore, snow-melt from higher altitudes might also affect water flow in 
some streams with sources at higher elevations. Consequently, flows resulting from 
such events may affect water quality.  
According to report released by the Ministry of Agriculture (1997), the annual mean 
temperature for the area varies from 15ºC to 30ºC. Analysis of the 15 years of 
temperature data obtained from Sipsu Bureau of Meteorology Station revealed 
monthly mean temperature with minimum 18.4ºC (January) and maximum 30.7ºC 
(September) (Figure 2.3). 
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Figure 2.2 Monthly average rainfall (mm) calculated based on the available 14 
years rainfall data (1996-2010) of the study area (Source: Sipsu Bureau of 
Meteorology Station). 
 
 
Figure 2.3 Monthly average, maximum and minimum temperature (
ο
C) 
calculated based on the available 14 years temperature data (1996-2010) of the study 
area (Source: Sipsu Bureau of Meteorology Station). 
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2.3 Site Selection and Description 
All river systems in Bhutan show marked characteristics of mountain streams. They 
flow through high rugged mountainous terrain confining the river channel in a 
narrow valley. Nearly every valley generally has a swiftly flowing stream or river, 
fed by either perennial snow from high mountains, or the seasonal wet monsoon, or 
both. The valley landscape profile is a succession of steep and gentle gradients. Thus, 
stream gradients are far from regular such that the swift waterfalls and stretches of 
relatively smooth water are distributed at irregular intervals. Stream substrates vary 
from bare rock and boulder masses, to thin layers of gravel and sands (particularly at 
the flattened lowland areas).  
 
2.3.1 Site selection 
The area around Samtse was examined in order to select suitable sample sites. 
Factors considered in site selection were that sites should be broadly similar in terms 
of stream morphology and substrates, be in different catchments or sub-catchments 
to avoid site to site influences, and they should represent different degrees and or 
types of disturbance (e.g. site impacted locally by agricultural practices, local human 
settlement and natural land erosion relative to undisturbed sites). There were also 
logistic considerations in terms of travel time and accessibility, with a general 
requirement that sites could all be sampled within one to three days. Consequently, 
six sample sites were selected comprising two Agricultural sites, Agriculture site 1 
(26
o
55'58.02"N and 88
o
59'29.05"E) and Agriculture site 2 (26
o
55'33.38"N and 
89
o
02'58.76"E); two Undisturbed sites, Undisturbed site 1 (26
o
58'21.18"N and 
89
o
02'32.23"E) and Undisturbed site 2 (26
o
58'05.06"N and 89
o
02'23.97"E); one local 
Settlement site (26
o
54'26.48"N and 89
o
4'24.51"E) and one site impacted by natural 
land erosion, i.e. Land erosion site (26
o
54'29.56"N and 89
o
5'15.49"E). The distance 
between sites varied from 500m (see below) to several kilometres. The farthest 
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distance between sites was 48 kilometres, between Land Erosion site and Agriculture 
site 1 (Figure 2.4).  
All sites were in separate catchments except the two undisturbed sites, which were 
positioned approximately 500m apart on the same stream. Due to widespread human 
encroachment, it was difficult to find pristine or non-impacted sites in most regions, 
particularly in low elevated areas, hence the sites were selected on the same stream. 
Data from the two sites were treated independently for some components of the study 
(Chapters 2 and 3), and combined for sample size analyses (Chapter 4). 
 
 
Figure 2.4 Map showing the locations of sampling sites (Agriculture site1, 
Agriculture site2, Undisturbed site1, Undisturbed site2, Settlement site and Land 
erosion site) in the streams of southwest Bhutan. See Figure 2.1b for more details 
about location. Source: Adapted fromearth.google.com/outreach/tutorial_mapper.htm 
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2.3.2 Site descriptions 
Several studies have shown that substrate types are said to be essential in 
determining macroinvertebrate richness and composition (Townsend et al., 2003; 
Korte, 2010). For example, substrate types such as cobble, pebble and gravel exhibit 
greater diversity of macroinvertebrate taxa than substrates that are smaller in size 
(Ward, 1992; as cited in Kłonowska-Olejnik& Skalski, 2014). Another instance, in 
the study of Kłonowska-Olejnik& Skalski, (2014), it was found that the presence of 
substrate such as pebble and gravel also played an important role in determining the 
diversity of macroinvertebrate communities (particularly mayfly) in the streams of 
Pieniny Mountains. Accordingly, in this study, the descriptions of six sampling sites 
are presented below.  
Agriculture site 1 
This site is located at the downstream of Khuji Diana River, where surface runoff 
from all categories of farming practices from the uphill terrace drains into the stream 
during rainy season. At the site, the substrates were composed of coarse gravel, 
sandy bottom, boulder rocks, cobbles, and leafy and woody debris during low stream 
flow (i.e. dry season months). The surrounding riparian vegetation is composed of 
open canopy woody shrubs and trees with lowland meadows (Figure 2.5a). 
Agriculture was the main land use in the surrounding area, though there were some 
woodland areas.  
Agriculture site 2 
Similar to agriculture site 1, a downstream site of the Bodhiney River was selected to 
represent a second site influenced by agriculture (Figure 2.5b). The stream flows 
along the gully of the upland local agricultural area. The total increase in streamflow 
was attributed to mainly monsoonal wet season and surface water. At the site, 
substrates include fine sand, gravel, pebbles, and some woody debris.   
 
  
42 Chapter 2:   Site description, general methods and an assessment of physicochemical parameters 
 
 
 
 
Undisturbed sites 1 and 2 
These two sites were considered to represent undisturbed conditions for the 
comparative study. The criteria for this selection were based through observation, 
minimum anthropogenic impacts, lack of residential development and continuous 
stream flow throughout the year that sourced from higher elevations flowing through 
forested areas. Norris & Thoms (1999) and Verdonschot (2000) indicated that least-
impacted of the available sites are generally used to ascertain the best attainable 
„reference condition‟ for the comparative studies in stream bioassessment program. 
Consequently, the two undisturbed sites in this study do not necessarily represent 
pristine stream conditions and may be affected by other human influences (e.g. 
recreational activity) during the stream low flows in the dry season. Nevertheless 
they appeared to be the least impacted streams in the area.  
The two undisturbed sites fall within the low lying catchments of river Diana that 
originates from high elevated areas and eventually drains out into lowland Indian 
district of Jalpaiguri. At the sites, substrate types mainly composed of coarse gravel, 
rocks, boulders, cobbles, pebbles and sand (Figure 2.5c & d). Additionally, woody 
debris/or logs, twigs and leaf litter were also apparent at times. The upper parts of the 
catchments are covered in dense forest.  
 
Settlement site 
This site is located approximately 2 km from Samtse town and the stream is 
influenced by local settlement at the upland surrounding area. Additionally, a 
furniture factory is located approximately 200 m upstream from the sampling site. 
Still further upstream from the sampling site (approximately 2 km), a piggery and 
fish farms were established by the local upstream dwellers. Therefore, emerging 
contaminants entering the stream include household wastes and chemicals, chemicals 
discharge from furniture industry and runoff from upstream piggery and fishery 
pond.  
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Substrates were usually dominated by cobbles, stones, gravels, sands, clay, 
macrophytes and occasionally litter (e.g. plastic bottles and debris).  The riparian 
vegetation at the site was limited along the stream reaches (Figure 2.5e).   
 
Land Erosion site 
Similar to settlement site, land erosion site is also located at about 1.5 to 2 km from 
the Samtse town. This site is affected by excessive input of sediments derived from a 
large natural erosion source adjacent to the stream. In addition, this stream has been 
subjected to strong lateral erosion, which causes pronounced deep undercut bank and 
stream course changes, and there were accelerated changes in channel and stream 
flow characteristics during wet monsoonal season. Stream channel substrates were 
mostly dominated stones, gravel and cobbles with a varied portion of sand and silt. 
There was no riparian vegetation at the sampling site (Figure 2.5f).  
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(a)  Agriculture site1      (b) Agriculture site2 
 
(c) Undisturbed site1       (d) Undisturbed site2 
 
(e) Settlement site     (f) Land erosion site 
 
Figure 2.5 (a) to (f) depict sampling sites: (a) Agriculture site1, (b) Agriculture 
site2, (c) Undisturbed site1, (d) Undisturbed site2, (e) Settlement site and (f) Land 
Erosion site. 
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2.4 Methods 
The study was conducted from June 2013 to May 2014. Standardised sampling of 
physicochemical variables and stream macroinvertebrates was conducted monthly 
from August 2013 to May 2014. Opportunistic sampling was conducted in June and 
July 2013, because high stream flow prevented standard sampling. Table 2.1 shows 
the sample dates for each of the six sites in the 10 months of standardised sampling. 
Daily rainfall and temperature data for the study period were derived from the 
Samtse College of Education, Royal University of Bhutan.   
Methods for physicochemical data collection and analysis are described below. 
Methods for stream invertebrate sample are provided in Chapter 3. 
 
 
Table 2.1 Month-wise sampling dates for field data collection (Aug-2013 to 
May-2014). The numerical figures indicate the dates for standard sampling 
performed at each site for the entire 10 months of study period. Weather and logistic 
issues meant that within-month sampling of the 6 sites sometimes was spread over a 
period of up to 15 days (e.g. August). 
 
Sampling Dates 
Sites 
Aug- 
2013 
Sep- 
2013 
Oct-
2013 
Nov-
2013 
Dec-
2013 
Jan-
2014 
Feb-
2014 
Mar-
2014 
Apr-
2014 
May-
2014 
Agriculture1 11 15 12 9 14 19 16 16 14 18 
Agriculture2 17 15 12 9 15 19 17 15 14 18 
Undisturbed1 10 8 13 10 18 20 20 17 15 19 
Undisturbed2 10 8 13 10 18 20 20 17 15 19 
Settlement  25 14 14 16 7 18 22 14 13 17 
Land Erosion  18 14 14 16 7 17 15 14 13 17 
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2.4.1 Methods for physicochemical variables 
Stream physicochemical variables were measured at each sampling site on a monthly 
basis concurrent with macroinvertebrate sampling. Macroinvertebrates were sampled 
in five different positions within a 50m section at each sample site. In general, 
physicochemical measures were made at each of these five positions and averaged to 
obtain a value for each variable at each site in each month. Physicochemical 
variables measured were air and water temperature (
o
C), DO (mg/L), conductivity 
(µS/cm), pH, flow velocity (m/s), and stream depth (m) and width (m).  These 
measurements are essential for the subsequent interpretation of anthropogenic 
disturbances on the stream systems.  
Measures of pH, DO, conductivity and temperature (both air and water) were made 
in situ using the Hach HQ40d Portable multi-parameter meter (Figure 2.6). The Hach 
HQ40d portable meter is an advanced meter designed for measuring water quality 
parameters with interchangeable probes. In each sample month, measures were taken 
at five different positions in each stream and averaged. Due to a probe malfunction, 
DO measures were not available for August, September or October samples. 
No current flow meter was available for assessing stream flow so a general estimate 
of flow was made by measuring the distance moved by a floating object. A five 
meter long stretch of the stream was marked out and a ping-pong ball was released in 
the water from the higher end of the stream stretch. The time taken in seconds to 
cover a five meter long stretch of stream was then recorded using a stop watch. The 
process was repeated a minimum of three times within the 50m section at each site, 
and the average value was taken for a final reading. Care was taken to select stream 
stretches without eddies or back-flow, and to minimise issues such as high turbulence 
and surface winds. The aim was to gain a general indication of stream flow for 
relative comparisons across streams and times, rather than a detailed estimate of 
current flow or discharge rate. 
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Stream widths and depths were measured at each macroinvertebrate sampling point 
(n = 5) at each site of each month in order to determine the month-wise variability of 
stream widths (channel) and depths for the sampling streams. Stream widths were 
measured using a 50meter tape, and stream depths were measured using a meter 
ruler. Measurements of five readings taken for each variable were averaged to 
provide an overall monthly final reading of these variables for each of the sampling 
sites. Because invertebrate samples were taken in a range of stream positions, the 
average width and depth measurements also incorporated this variability.   
 
 
 
Figure 2.6 HQ40d Portable multi-parameter Meter with pH, Conductivity and 
DO probes (Hach Company, USA). 
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2.4.2 Statistical analysis 
Data collected for physicochemical variables were subjected to statistical analysis 
using Analysis of variance (ANOVA) and correlation. The main objective was to 
examine the extent of variation of physicochemical parameters between sites, though 
variation with time (seasons) was also assessed. We calculated average, minimum 
and maximum values for each of the variables measured. Parameter measurement 
resulted in only one value of each parameter at each site in each month. Therefore, 
differences between sites were assessed by random blocks ANOVA (blocked by 
month). Pearson correlation tests were used to examine relationships between 
different parameters. Additionally, Bray-Curtis similarity dendrograms were plotted 
to show the general relationship between sites. All above analyses were performed in 
the IBM SPSS Statistics 22 program. 
 
 
2.5 Results and Discussion 
The general environmental conditions over the sample period matched the broad 
seasonal pattern expected for the region. Monthly average maximum temperatures 
ranged from 22.1 (February) to 29.9 (March), and average minimums from 15.6 in 
January to 25.5 in August. Monthly rainfall followed the monsoon pattern with totals 
above 700mm in July and August 2013, and lowest values in winter (December 2013 
to March 2014 (0 to 45mm) (Figure 2.7). 
The average, minimum and maximum values for each parameter recorded over the 
study period are shown in Table 2.2. Detailed month by site values are presented in 
Appendix 1.  
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Figure 2.7 Graph depicts the pattern of monthly rainfall (mm) during the entire 
study period (June 2013 to May 2014) in the region. (Source: Samste College of 
Education). 
 
 
 
2.5.1 Stream velocity 
Stream velocity values are shown by site and month in Figures 2.8 & 2.9. The 
average values of stream flow between sites ranged from 0.56 m/s at Agriculture 
site1 to 0.74 m/s at Agriculture site 2 (Figure 2.8 & Table 2.2). It is difficult to make 
broad generalisations over time as it was not possible to measure stream velocity at 
the two undisturbed sites early in the season due to stream high flow induced by 
monsoonal rains (Appendix 1). Nevertheless, there was always water flow at all sites 
at all sample times (lowest 0.17m/s), and flow rates up to 1.25m/s were recorded 
(Figure 2.9). Stream flow is an important factor that may influence local biotic 
diversity of macroinvertebrates. For example, Korte (2010) in his study indicated that 
50 taxa belonging to different taxonomic orders (e.g. Ephemeroptera, Plecoptera, 
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Trichoptera, Coleoptera, Diptera, Odonata, Mollusca and Oligochaeta) showed 
significant preferences for current velocities and substrate types. He reported the 
most preferable velocity was moderate or distinct velocities of 11- 50 cm/s. Patterns 
of stream flow velocity in this study reflect the highly seasonal monsoonal climate. 
There was a general trend for stream flow to be high immediately after peak 
monsoon season, and decrease gradually through dry season months until March, and 
tended to increase thereafter as sporadic rainfall can occur in any month through the 
dry season due to unanticipated weather conditions (Figure 2.9). Generally, it was 
only in the dry season months of February and March that most of the streams in this 
study had flow rates in the 11-50cm/s range. Higher flow velocity may be attributed 
partly to stream gradient at the sampling sites. Other study indicated greater stream 
gradients are generally associated with higher flow velocity. Additionally, increasing 
river discharge due to seasonal runoff from uphill smaller tributaries during wet 
season, and increasing depth tend to increase velocity in a downstream direction 
(Bharatdwaj, 2006). Therefore, seasonal variability of flow velocity measured at the 
streams sampled may influence the macroinvertebrate community composition in the 
study region. For example, Suren & Jowett (2006) indicated that macroinvertebrates 
actively drifted into the areas of faster stream flow during low stream flow periods. 
In other words, their densities within riffles increased as the width of these stream 
habitats declined. 
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Figure 2.8 Overall average flow velocity measured at six sampling sites in 
meter/seconds 
 
 
Figure 2.9 Month-wise stream flow velocity (m/s) recorded at six sampling sites 
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2.5.2 Stream depth and width 
The average stream depth varied from 0.20m to 0.40m. The minimum average depth 
of 0.2m was recorded at Settlement site and the highest average of 0.4m at the 
Undisturbed sites (Figure 2.10; Table 2.2). The Settlement site also had the lowest 
depth in any one month (10cm), and Undisturbed site 2 had the greatest within month 
depth (70cm). Average stream widths ranged from 4.6m at the Settlement site, to 
18.1m at Undisturbed site 1 with monthly values ranging from 2m (Agriculture site 2 
in February and March) to 26m (Undisturbed site 1 in October). (Figure 2.12; Table 
2.2). Monthly variability of the stream depth and width across sites are shown in 
Figures 2.11 & 2.13. Studies have indicated stream size and width are important 
aspects of macroinvertebrate diversity. For example, Krno et al., (2007) and Heino et 
al., (2005) indicated macroinvertebrate diversity increases with stream size in most 
mountain streams. A similar finding was also reported by Kłonowska-Olejnik& 
Skalski, (2014) that confirmed stream size was positively correlated with the number 
of EPT in the streams of Pieniny Mountains (West Carpathians). 
 
Figure 2.10 Overall average stream depths measured at six sampling sites. 
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Figure 2.11 Month-wise stream records of stream depths measured at six sampling 
sites. 
 
 
Figure 2.12 Overall average stream widths measured at six sampling sites. 
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Figure 2.13 Month-wise records of stream widths measured at six sampling sites. 
 
 
 
 
 
2.5.3 Temperatures  
As would be expected in this study conducted from late summer through autumn, 
winter and  spring, there was considerable variation in air temperature at the time of 
sampling (range from 20.3ºC to 38.8ºC) (Table 2.2). There was also some variation 
in the temperature at time of sampling between sites within months (e.g. 10ºC in 
December) (Figure 2.14). This variability in air temperature in the study sites may 
have resulted partly from site to site differences, but all sites could not be sampled on 
the same day in each month, so variation in weather conditions between sampling 
days within a month was also significant. It is unlikely that this day-to-day variation 
in weather conditions associated with sampling within months had a greater impact 
on water temperature than the variation caused by season. 
 
  
 
Chapter 2:   Site description, general methods and an assessment of physicochemical parameters 55 
 
 
 
 
Stream water temperature at the time of sampling varied from a minimum of 18.8
o
C 
(Undisturbed site 1 in December 2013) to a maximum of 30.3ºC (Settlement site in 
May 2014) (Figure 2.15; Table 2.2). Average temperature for the six sites over the 10 
months of sampling ranged from 22.5ºC (Undisturbed site 1) to 26.3ºC (Settlement 
site) (Appendix 1).Water temperature varied significantly between the sample sites 
(ANOVA: F5,45 = 9.49, p<0.001). Water temperature at the Settlement site was 
significantly higher than all other sites except Agriculture 1 (Tukey test p<0.05) 
(Figure 2.15). The Undisturbed sites and Land erosion site were also cooler than 
Agriculture site 2 (Tukey test, p<0.05), but not Agriculture 1. The two Undisturbed 
sites are located within the same perennial stream flowing from a higher altitude 
source than other streams (e.g. potential impact of altitude and snowmelt), but this 
does not appear to have a big impact on their water temperature relative to the other 
streams. Many aspects of urbanization or human settlement can contribute to stream 
warming. For example, streams passing through urban or settlement sites are affected 
by increased daily maximum temperature especially in summer that can contribute to 
the formation of urban heat islands, or localized areas of heat storage, thus triggering 
the stream water warming up (United States Environmental Protection Agency, 
2014). The other aspects of rising stream water temperature are due to alteration of 
riparian vegetation, wastewater inputs, stormwater runoff and physical habitat 
changes (e.g. channel widening) (USEPA, 2014).
 
Water temperature is one factor that plays an important role in regulating various 
physical, chemical and biological characteristics of streams (Webb et al., 2008, as 
cited in Grab, 2014), and has long been recognized as a factor responsible for the 
composition and distribution of macroinvertebrate communities in stream systems 
(Morris et al., 1989; Chapin et al., 2014). Haidekker & Hering (2008) specifically 
mentioned that water temperature is important for embryonic development, larval 
growth, emergence, metabolism and overall survival of aquatic insects. Similarly, 
Sweeney (1993) reported that fluctuation in temperature of 3-5 ºC in the streams 
lacking riparian vegetation cover is sufficient to disturb larval recruitment and 
growth for many mayfly (Ephemeroptera) taxa. However, in running stream water, 
temperature usually varies at seasonal or daily time scales depending on the nature of 
  
56 Chapter 2:   Site description, general methods and an assessment of physicochemical parameters 
 
 
 
 
weather and climate of the place, its elevation and riparian vegetation cover of the 
stream locations (Allan, 1995), and surrounding patterns of land use. 
Water temperature has an impact on the amount of DO that stream water can hold. 
Warmer water holds less DO than colder water (LEO EnviroSci Inquiry, 2015). 
Studies have confirmed a high temperature in a water body increases the metabolic 
rate of aquatic dwellers that causes a reduction in the level of DO (Rim-Rukeh, 
2013). This, in turn, can influence the macroinvertebrate community composition. 
Since water temperature and DO are inversely correlated, high stream water 
temperature may decrease diversity and abundance of macroinvertebrates. In this 
connection, a study by Kruitbos et al., (2012) has reported reduced stonefly 
(Plecoptera) richness was positively correlated with increased annual water 
temperature regime. However, extreme lower water temperature in the streams of 
mountain environments is also associated with the decline in the diversity of 
macroinvertebrate families. For example, in a recent study conducted by Grab (2014) 
indicated that decreasing water temperature, both spatially (i.e. with increasing 
altitude) and seasonally (i.e. from summer to winter) are associated with a general 
decline in the number of macroinvertebrate families in the headwaters of the 
Bushmans River, southern Drakensberg. In recent times the temperature regime in 
many streams has changed considerably through anthropogenic influences. These 
temperature changes can be primarily caused by factors such as removal of riparian 
vegetation, stream flow modification or climate change (Haidekker & Hering, 2008; 
Krno et al., 2013). Riparian vegetation is vital for maintaining stream morphology 
and affecting the amount of light and the temperature of stream waters (Moraes et 
al., 2014). For example, Sweeney (1993) found that the presence or absence of 
vegetation on land adjacent to stream affected the structure and function of 
macroinvertebrate communities in White Clay Creek, a Piedmont stream in south-
eastern Pennsylvania. Given that there were differences in water temperature 
between the sites in this study, it is possible that this might result in differences in 
macroinvertebrate community composition between the sites.  
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Figure 2.14 Month-wise air temperature (
o
C) recorded at six sampling sites. 
 
 
Figure 2.15 Monthly based water temperature (
o
C) recorded at six sampling sites. 
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2.5.4 Dissolved Oxygen 
Concentrations of DO in streams are important components that influence the 
composition of freshwater communities because DO critically affects the distribution 
of many taxa (Everard, 2003; Connolly et al., 2004). Generally, stream water 
requires 5-6 mg/L of DO to support a diverse aquatic life. A DO level of 9-10 mg/L 
in the stream systems is considered very good, indicating a better water quality that 
supports various aquatic life forms. DO level below 3 mg/L is considered very 
stressful for most of the aquatic organisms (LEO EnviroSci Inquiry, 2015). DO 
levels in streams and rivers can vary spatially and temporally in a similar way to 
water temperature.  For example, photosynthesis by aquatic plants and algae adds 
oxygen to water during day time while respiration by aquatic organisms during night 
falls decreases DO level in the water (Environment Protection Authority, 2007; 
Connolly et al., 2004).  A eutrophic stream generally has lower DO concentrations 
due to higher level of decomposition and such biological process may influence the 
macroinvertebrate assemblage (Dodds 2006). However, these physiological 
processes of a stream system are directly correlated with water temperature. For 
example, as water temperature increases, the photosynthetic rate of aquatic plants 
concurrently increases and thus, enhances the growth of aquatic plants and algae.  In 
turn, this event in stream systems may decrease the amount of DO level that require 
by the macroinvertebrates (LEO EnviroSci Inquiry, 2015). Additionally, DO levels 
in streams and other water bodies are also affected by anthropogenic activities such 
as urban development, industries and agricultural practices. For example, human-
induced activities such as land clearing (e.g. construction, logging etc.), agriculture 
farming (e.g. nutrient enrichment) may add excessive organic matter into streams and 
these organic matters require microorganisms to decompose, which use up oxygen in 
the process, thus reducing the level of DO concentration. Therefore, understanding 
the factors driving DO concentration in streams of southwest Bhutan with land based 
processes including local farming, settlement or any other specific causes of DO 
depletion is essential for sustainable water management in the region.  
In this study, a malfunction with the DO probe meant that no data were obtained in 
the first three months of the study. Data for the remaining months showed that there 
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was no strong seasonal pattern for DO, though variation between sites was greater in 
some months (December to March) (Figure 2.16). Overall mean values of DO varied 
significantly between sites (ANOVA: F5,30= 7.32, p<0.001). DO at Agriculture 1 
(mean = 7.1 mg/L) was significantly lower than all other sites (Tukey test; p<0.05). 
Mean DO was highest at the Land erosion site (8.8 mg/L), but this difference was not 
significant, and there were no other significant differences between sites (Figure 
2.17). Low DO value at the Agriculture site 1 may be influenced by nutrient runoff 
from the local farming terraces and organic loading (e.g. leaf litter from riparian 
vegetation) in the stream system. As such nutrients and organic loading initially 
promote aquatic plant growth and algae bloom in water but eventually considerable 
oxygen will be consumed. When the plants and algae die and decompose, the process 
requires DO. Therefore, die-off and decomposition of aquatic plants contributes to 
low DO in the water bodies. However, it is to be noted here that the DO value 
recorded at Agriculture site 1 still falls within the ideal range for DO level (as 
mentioned in the literature above) that is required for and supports diverse aquatic 
life forms, thereby indicating a reasonably oxidized stream system.  
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Figure 2.16 Monthly (November to May) DO (mg/L) recorded at six sampling 
sites. 
 
 
 
Figure 2.17 Mean value of DO (mg/L) recorded at six sampling sites. 
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2.5.5 Conductivity 
The electrical conductivity of water is yet another important measure of stream water 
quality. It is often measured in a stream study because it tells about the ionic nature 
of stream water quality. Wetzel (2001) suggested that ions play an important role in 
chemical reactions, and this may help to characterize a stream. Conductivity in water 
is affected by a number of factors (Weitzell et al., 2012). For instance, the presence 
of anions that carry a negative charge (e.g. chloride, nitrite, sulphate and phosphate) 
or cations that carry a positive charge (e.g. sodium, magnesium, calcium, iron and 
aluminium) tend to affect the electrical conductivity of stream water (USEPA, 2014). 
Conductivity is also affected by water temperature, with warmer water tending to 
have higher conductivity. Furthermore, conductivity in streams or rivers is also 
affected by the geological area through which the stream flows. For example, 
streams that flow through areas with granite bedrocks tend to have lower 
conductivity because granites are usually composed of inert materials that do not 
easily ionize when stream water runs through. On the other hand, streams that run 
through areas with clay or sandy soils tend to have higher electrical conductivity 
because of the presence of streambed materials that easily ionize when washed into 
the water (USEPA, 2014). Several studies have revealed that macroinvertebrate 
community structures are significantly correlated with electrical conductivity of the 
stream or river systems (Kefford, 1998; Souto et al., 2011). For example, in the 
recent study of Pond et al., (2008), it was revealed that mayfly taxa richness was 
significantly reduced to a few or no genera present when stream conductivity 
exceeded 500µS/cm in the downstream of mining operations in West Virginia. 
Therefore, conductivity in general is an important variable that influences the 
macroinvertebrate community structures in riverine systems. 
The present study showed some marked variations in electrical conductivity of the 
measured streams. For example, there was some variation between months for some 
sites (Figure 2.18), but there was no indication of any seasonal trends in conductivity 
across all sites (e.g. gradual increase over time). However there was significant 
variation among the sampling sites (ANOVA: F5,45= 37.5, p<0.001).  Both 
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Undisturbed sites showed significantly lower conductivity than all other sites (Tukey 
test, p<0.001), and the Settlement site was higher than Agriculture site 2 (Tukey test, 
p<0.001) (Figure 2.19). Temperature may explain some of the variation between 
sites as lower water temperature is associated with a lower level of water 
conductivity (USEPA, 2014). Average temperature per site was positively and 
significantly related to conductivity (r = 0.84, n = 6, p = 0.019). However, 
conductivity at the two undisturbed sites was much lower than at any other sites so 
some other factors may be influencing these findings. Other studies have indicated 
that conductivity in streams and rivers is also affected by the geology of the area 
through which the river water flows (Krapivin et al., 2015). However, although no 
geological data were collected in this study, the proximity of the different streams 
suggests they are unlikely to vary significantly in terms of the geology of their 
catchments.  
 
 
Figure 2.18 Monthly based stream conductivity (μS/cm) measured at six sampling 
sites. 
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Figure 2.19 Average values of stream electrical Conductivity (µS/cm) measured at 
six sampling sites. 
 
 
 
2.5.6 pH values 
Stream water pH levels remained close to neutral at all sites over all months (Figures 
2.20 & 2.21), and there was no clear trend for pH to change over the seasons, 
although the range of values recorded between sites did seem higher in the months 
from December to April. There was significant variation in pH between sites 
(ANOVA: F5,45= 10.1, p<0.001). The Land erosion site had higher mean pH than the 
Undisturbed sites and Agriculture 1, while the Settlement site had significantly 
higher pH than both Undisturbed sites (Tukey test, p<0.05). There were no other 
significant differences.  
Study indicated that pH is yet another important component that may influence the 
composition of aquatic macroinvertebrates. Low pH causes a disturbance of the 
balance of sodium and chloride ions in the blood of aquatic animals. At low pH, 
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hydrogen ions may be taken into cells and sodium ions expelled (Morris et al., 1989). 
Although studies have indicated many orders of macroinvertebrate show tolerance to 
low water pH (Petrin et al., 2007), some macroinvertebrate groups are more 
vulnerable than others. For instance, groups of macroinvertebrates, particularly 
mayflies, (Ephemeroptera), are highly sensitive to low pH levels, such groups are 
intolerant to pH below 4 (Courtney & Clements, 1998). However, in this study, no 
single site showed pH below 6.5, thereby indicating a minimum or no influence on 
the macroinvertebrate community composition.  
 
 
 
Figure 2.20 Month-wise stream water pH values recorded at six sampling sites. 
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Figure 2.21 Mean value of stream pH recorded at six sampling sites. 
 
 
 
 
 
 
2.6 Physicochemical variables: patterns of similarity 
Data on all physicochemical parameters (except air temperature) were averaged 
across all months to produce mean values for each parameter for each site. Similarity 
between sites was then assessed using Bray-Curtis similarity measure and the 
similarity data were used to plot a dendrogram showing the general relationship 
between sites (using average linkage clustering). The cluster analysis showed a 
pattern of grouping consistent with expectations. For example, the two undisturbed 
sites were similar to each other, as would be expected for sites on the same stream. 
These sites were different from the remaining four sites that were generally similar, 
though Agriculture site 1 and Land erosion site were more closely related to each 
other than the other two sites i.e. Agriculture site 2 and Settlement site (Figure 2.22).  
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A second set of analyses were conducted to examine similarity patterns within sites 
across the different months. These analyses (Figure 2.23) suggest that there was a 
seasonal pattern in physicochemical variables that was similar across all sites. At all 
sites there was a tendency for the months later in the dry season (January to April) to 
be more similar to each other than to any of the other months.  
Although the above analyses are only descriptive, they do suggest that there were 
some differences in the physicochemical properties of the different sites matching 
what would be expected on the basis of surrounding land use, and also that the 
physicochemical properties at all sites changed across the season. 
 
 
Figure 2.22 Bray-Curtis similarity dendrogram showing grouping of six study 
sites (UD1- undisturbed site 1; UD2- undisturbed site 2; LE- land erosion site; Agri1-
agriculture site 1; Agri2- agriculture site 2; Set- settlement site)  on the basis of 
physicochemical parameters. Data are averages for all months. 
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Figure 2.23 Bray-Curtis similarity dendrogram showing grouping of seasonal 
variability of physicochemical parameters across the seasons: (a) Agriculture1, (b) 
Agriculture2, (c) Undisturbed1, (d) Undisturbed2, (e) Settlement and (f) Land 
erosion. 
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Table 2.2 Mean values of the physicochemical parameters recorded at six sampling sites in the streams of southwest Bhutan. 
 
Physicochemical 
Variables 
Agriculture 1 
Mean(Min-Max) 
Agriculture 2 
Mean(Min-Max) 
Undisturbed 1 
Mean(Min-Max) 
Undisturbed 2 
Mean(Min-Max) 
Settlement 
Mean(Min-Max) 
Land Erosion 
Mean(Min-Max) 
Air temp (
o
C) 30.1(23.2 - 37.7) 28.7(22.8 - 36.4) 28.3(21.7 - 32.3) 28.2(23 - 32.4) 29.8(23.4 - 38.8) 27.2(20.3 - 31.4) 
Water temp (
o
C) 25.4(22.5 - 30.1) 23.9(21.1 - 26.9) 22.5(18.8 - 24.4) 22.8(19.9 - 24.8) 26.3(19.4-30.3) 22.9(19.7 - 25.6) 
DO (mg/L) 7.1(5.79 - 8.12) 8(7.17 - 8.51) 8.1(7.71 - 8.48) 8.2(7.87 - 8.52) 8.2(7.18 - 8.97) 8.8(7.85 - 9.74) 
Conductivity (μS/cm) 216.6(114 - 391) 174.1(131-210.5) 58.8(30 - 95.3) 57.6(32 - 95.8) 282.5(204 - 362) 241.6(150 - 287) 
pH values 7.7(7.1 - 8) 8(7 - 8.57) 7.4(6.89 - 8.1) 7.5(7.08 - 8) 8.2(7.9 - 8.69) 8.3(7.8 - 8.63) 
Physical habitat       
Flow Velocity(m/s) 0.56(0.25 - 1.25) 0.74(0.42 - 1.25) 0.61(0.38 - 1.25) 0.58(0.42 - 71) 0.62(0.36 - 1.0) 0.63(0.17 - 1.25) 
Stream depth(m) 0.2 (0.1 - 0.4) 0.3 (0.1 - 0.4) 0.4 (0.2 - 0.6) 0.4 (0.3 - 0.7) 0.2 (0.01 - 0.4) 0.3(0.1 - 0.6) 
Stream width(m) 5.5 (2.5 - 12) 6.1 (2 - 13) 18.1 (11.2 - 26) 14.4 (6 - 25) 4.6 (3 - 7) 7.8(3 – 20) 
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2.7 Conclusion 
This chapter demonstrates the various physicochemical characteristics of stream 
systems that will provide effective baseline information to serve a biomonitoring 
program in the region. Findings indicated the sites selected for the present study do 
show some differences in their physical and chemical characteristics. For example, 
the two undisturbed sampling sites showed some differences from the other sites 
with this variation resulting in part from particular stream types (e.g. source), but 
also from land use patterns in surrounding catchments.   
The undisturbed sites tended to have lower temperature and conductivity and higher 
pH than the Settlement site. There were also some other minor differences in 
physicochemical variables between other sites. While there were no strong seasonal 
trends in any individual variables across all sites, there were some patterns within 
sites (e.g. conductivity at Settlement site). Examination of similarity patterns also 
suggested that water conditions differed at different times of the year. While slight 
variation in the natural properties of the catchments, and possible covariation 
between variables (e.g. temperature and conductivity), may account for some of the 
variability and patterns, it is likely that surrounding land use also played a role in 
influencing physicochemical properties of the sites. 
From the available data, it could be concluded that physicochemical characteristics 
of the streams in the southwest Bhutan are subject to spatial-temporal variability due 
to both natural (e.g. seasonal high flows during wet season) and anthropogenic 
influences (e.g. land use changes). The extent to which this variation influences the 
range stream invertebrate species that occupy these streams, and how this variation 
might influence bioassessment scores obtained from sampling stream invertebrates, 
will be investigated in the following chapters. 
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Chapter 3:  Macroinvertebrate abundance and richness 
3.1 Introduction 
Streams differ widely in the physical, chemical and biological characteristics that 
provide habitats for aquatic organisms (Hamid & Md Rawi, 2014). Several groups of 
aquatic insects (e.g. benthic macroinvertebrates) respond to habitat changes 
differently (Clarke et al., 2008) and some of these insects are generally more 
sensitive or tolerant to environmental variability (Yule & Yong, 2004), which makes 
macroinvertebrates excellent biological indicators for determining the stream health. 
Several studies, in different parts of the world have examined how relative 
abundance of benthic macroinvertebrates can be used to make inferences about 
pollution loads, particularly organic pollution and nutrient enrichment, in different 
streams (Ransom & Prophet, 1974, Ghasemi & Kamali, 2014). However, 
environmental variability in space and time is known to shape the taxonomic 
composition, abundance, richness, diversity, biotic interactions and the distribution 
patterns of macroinvertebrates (Wiens, 1986).  
One such factor includes the time or season in which the samples are collected 
(Sporka et al., 2006). For example, a study conducted by Kłonowska-Olejnik & 
Skalski, (2014) in southern Poland found that the macroinvertebrate community, 
particularly the ephemeropteran group, varied significantly in different seasons of the 
year. Their finding confirmed that the group tended to appear stable in the early 
spring and autumn, but were influenced by environmental variability such as water 
temperature, flow velocity, stream width and depth. These factors are mainly 
determined by the season, and are essential driving variables for altering 
macroinvertebrate community structure by both direct and indirect effects on habitat 
conditions, and on variables such as dissolved oxygen and pollution loads. 
Consequently, macroinvertebrate community structure and their distribution patterns 
over time are influenced by the interaction between habitats, physicochemical 
variables, hydrological characteristics and land use changes (Merritt & Cummins, 
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1984). For instance, recent studies have indicated strengthening of agricultural 
practices, settlement and alteration of riparian vegetation (e.g. land clearing) along 
the edges of natural watercourse influence the physicochemical conditions and 
hydrological regime of stream ecosystems (Sangpradub & Getwongsa, 2010; Giraldo 
et al., 2014). These changes in stream water body characteristics, habitats and 
environmental resources can strongly influence the patterns of spatial and temporal 
distribution of macroinvertebrate communities in the stream systems, through habitat 
changes and thus, impacts on water quality. Moreover, areas such as the present 
study region in Bhutan are characterized by hot humid subtropical climatic 
conditions with very wet summers due to monsoonal influence, and pronounced dry 
winter with very little precipitation. This particular climatic condition may influence 
various ecological or biological aspects of macroinvertebrates in the stream systems. 
Other studies have indicated streams of monsoonal environments are subjected to 
extreme seasonal variations due to various natural environmental disturbances 
(Brewin et al., 2000), and monsoonal floods and flash flooding have been recognised 
as disturbing factors due to their high magnitude and geomorphological effects (Resh 
et al., 1988; Mesa, 2010). High discharge events of these disturbances can cause 
severe population losses and alteration in the macroinvertebrate community structure 
and composition. For example, floods can destroy stream habitat patches, stream 
beds and create new ones or relocate habitats such as sand banks, boulders and large 
woody debris that can kill or injure aquatic animals (Boulton & Lake, 1992). 
Moreover, flooding can carry large amounts of suspended particles, including large 
boulders, root debris and sometimes entire trees and shrubs to downstream areas 
(Mesa, 2012). Owing to these facts, stream macroinvertebrate communities may be 
periodically decimated by such environmental catastrophes (disturbances), and this 
may shape species compositions, assemblages and abundances of stream-dwelling 
invertebrates (Burk, 2012). More specifically, such temporal variability may have a 
greater impact in the recruitment process, reproduction, growth and development and 
even to the extent of complete replacement of macroinvertebrate taxa after the 
disturbance events (Mesa, 2012). For example, Leuing et al., (2012) observed the 
significant seasonal variations in macroinvertebrate assemblage structure because of 
monsoonal floods induced ecological imbalances in the streams of Hong Kong. A 
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similar study, in the Lules river basin in Argentina, saw that monsoonal floods 
resulted in extreme decline in macroinvertebrate abundance (Mesa, 2010). Thus, 
persistence of macroinvertebrates, and the stability and relative abundance of 
particular species may be influenced by these seasonal events (Richards & Minshall, 
1992). 
Although, there are considerable concerns regarding health and integrity of 
freshwater biotic communities and water quality in Bhutan, an assessment of water 
quality status using stream dwelling macroinvertebrates has not been previously 
conducted in the areas of southwest Bhutan, where the monsoonal floods periodically 
represent a disturbance for the stream and river systems. In addition, to date there are 
limited scientific studies on biological conditions of stream biota in the country, thus 
the information on both biological and ecological aspects of macroinvertebrates 
remains limited. Subsequently, using the yearlong available data collected from six 
different study sites under five different streams, it is possible to characterize and 
synthesize basic information on biological components of the stream systems in 
southwest Bhutan. Therefore, investigation of macroinvertebrate community 
composition, their relative abundance, species richness and diversity, and spatio-
temporal variability are essential area for gaining insights on how biomonitoring 
programs can be applied in this region. Furthermore, information on the abundance 
pattern and size-frequency distribution in relation to streams influenced by various 
physical and geomorphological disturbances is essential for the assessments of 
macroinvertebrate recruitment process (Rosenberg & Resh, 1993; Maddock, 1999). 
Thus, knowing the abundance pattern of some common macroinvertebrates in the 
streams influenced by monsoon may provide some useful information about the 
recovery and recruitment process, and the ecological properties of their 
macroinvertebrate communities relative to comparable macroinvertebrate 
communities elsewhere in the world. Such patterns of abundance and size 
distribution should provide a general indication of abundance and recruitment 
process in relation to time of year, and when individuals are being recruited to the 
population. The presence of small individuals, and increases in abundance, should be 
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broad indicators of recruitment periods. However, data will have some limitations 
given the focus was on family-level rather than species-level identifications. 
Nevertheless, examination of abundance and size distribution in these families 
should provide some general information about population dynamics in relation to 
time of year. 
Therefore, in this chapter, benthic macroinvertebrate samples collected from five 
different subtropical streams comprising six different sampling sites, displaying 
different catchment attributes (e.g. land uses) under the influence of monsoon rains 
were assessed. Additionally, the abundance pattern and body size-frequency 
distribution of some common macroinvertebrates were concurrently assessed to 
capture some basic information about the recovery and recruitment process after the 
monsoonal disturbance. The primary aim of this chapter was to investigate family 
level taxa composition, richness and diversity and patterns across the season, and 
further assess the importance of environmental variability in determining these 
changes in the subtropical streams of the southwest Bhutan. The objectives of this 
chapter were (i) to gain reasonable understanding on family level macroinvertebrate 
taxa present in the streams of southwest Bhutan, (ii) to gain insights on the species 
targeted as key indicators of water quality assessment, and (iii) to determine the 
temporal variability of macroinvertebrates abundance patterns and body size-
frequency distribution over one annual cycle. Subsequently, overall findings of this 
study could serve as important preliminary information for evaluating future water 
quality changes in the region. More importantly, it serves as reference for providing 
insights on how water quality indices based on macroinvertebrates might be affected 
by seasonal factors. 
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3.2 Materials and Methods 
 
3.2.1 Study area and site selection 
Six sites in five different streams were selected in southwest Bhutan. Sites were 
selected to cover a range of potential impacts on stream condition (See chapter 2 for 
site descriptions). 
3.2.2 Sampling design 
Macroinvertebrate field sampling was conducted on monthly basis in order to assess 
the persistence of macroinvertebrate taxa over the year, and how seasonal high 
stream flow caused by monsoons might influence water quality in different streams 
that have been exposed to different levels and types of disturbance.  
Macroinvertebrate samples were taken each month over a 10 month study period 
from August 2013 through May 2014. This period represents the time immediately 
following the monsoon (August) up to the period prior to commencement of the 
monsoon in May. The field sampling was planned to coincide with periods of low 
stream flow directly following the monsoon and up the period just before the 
monsoon started (post-monsoon and pre-monsoon periods). Generally, regular 
standard sampling was not possible during the peak monsoon season (June – July), or 
during other high stream flow events as it was unsafe to sample (see also Korte et al., 
2010). However opportunistic samples (incidental qualitative samples) were 
performed where possible during the peak monsoon months (i.e. June and July) when 
stream flow slowed during the non-rainy days, and it was safe to sample in the edges 
of the streams. While this opportunistic sampling was not taken a standard way for 
assessment of abundance, it did allow for determination of presence or absence of 
some taxa during the high flow periods. 
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3.2.3 Sampling gear 
A triangular dip net with net frame size of 25 x 25 x 25 cm  and mesh size of 0.5µm 
(Figure 3.1) was used for sampling macroinvertebrates, following an Assessment 
System to Evaluate the Ecological Status of Rivers in the Hindu Kush-Himalayan 
Region (ASSESS-HKH) approach.  
 
 
Figure 3.1 A triangular dip net with frame size of 25 x 25 x 25cm and mesh size 
of 0.5µm. 
 
 
 
 
3.2.4 Macroinvertebrate sampling 
An Assessment System to Evaluate the Ecological Status of Rivers in the Hindu 
Kush-Himalayan Region (ASSESS-HKH) multi-habitat sampling approach was 
adapted and applied for sampling macroinvertebrates (Ofenböck et al., 2010). At 
each sampling site, five replicate sampling units were performed and animals from 
each sampling unit were placed in separate specimen containers. 
Sampling was started at the downstream end of the study reach and proceeded 
upstream to ensure the minimum disturbance during sampling process. The following 
steps/techniques were followed while performing the macroinvertebrate sampling. 
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(i) The sampling gear was placed on the stream bed and the 0.25 x 0.25m area 
upstream of the net was disturbed with the foot to carry animals downstream 
into the net.  
(ii) Sampling techniques on megalithal habitats, such as bedrocks and boulders, 
were performed by brushing and rubbing the surface in three positions (front 
and sideways/right and left) and then gently sweeping the animals into the net. 
(iii) In macrolithal and mesolithal habitats (e.g. course cobble, cobbles and stones), 
the sampling was performed by gently sweeping the surface within the targeted 
area by hand to dislocate surface dwelling animals and sweeping them into the 
net. The cobbles and larger stones were disturbed by hands while brushing and 
scratching the surfaces to remove clinging and sessile animals into the net.  
While in microlithal and smaller material substrates, the substrates were 
disturbed up to a depth of 10-15 cm within the area of 0.25 x 0.25 m area 
upstream of the net in order to sweep the animals into the net.  
(iv) In woody debris and leaf litter habitat, samples collected were washed 
thoroughly into the net and the animals were recovered by hand using fine 
forceps.  
(v) In substrates with macrophytes, all parts of the macrophytes i.e. roots, stems, 
leaves and sediment layers present within the area of 25 x 25 cm2 of the stream 
bottom were removed and transferred into a sampler so that the current floated 
the animals into the net. The macrophyte materials collected were rinsed 
thoroughly into a bucket filled with water to separate the animals from the 
plant parts. This procedure was repeated until no more animals were rinsed off.     
It was not possible to sample all six sites on the one day in each month. Sampling 
was therefore, spread over 2 to 3 days in each month. Conditions were generally 
similar on these consecutive sampling days. Sample dates are listed in Table 2.1 in 
Chapter 2. 
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3.2.5 Sorting, Preservation and Identification 
Field sorting 
The removal of larger materials and field sorting procedure were carried out as a 
follow-up treatment in the field itself. A number of white trays each measuring about 
300 x 150 x 50 mm were used for the field sorting process. The samples were 
transferred carefully into the tray containing river water to a depth of a couple of 
centimetres.  Branches, sticks and stones were removed after being rinsed and 
checked thoroughly. 
 
Sample Preservation  
Sample containers were appropriately labelled with stream name, site name and site 
code, date of sampling, investigator‟s name and the number of the sample unit. All 
animals from each sample were picked up with the help of fine forceps and put into 
sample containers containing 90-95% ethanol. The preservative ethanol for each 
container was replaced in a timely manner (e.g. two times in this study) and the final 
ethanol concentration was ensured around 70% for later identification in the 
laboratory. All collected samples were taken to the laboratory and kept in the 
refrigerator until laboratory sorting and identification began.  
 
Laboratory sorting 
Samples collected from each sampling site were transferred onto white sorting tray. 
Specimen containers were rinsed thoroughly with water to remove all animals that 
were stuck to the container.  A hand lens and fine forceps were used to sort out 
morphologically similar or same animals, and this step was continued until all 
animals in the tray were sorted into morphotypes. 
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Family level identification 
Taxonomic identifications were performed in the laboratory with a binocular 
microscope with high quality light source. The macroinvertebrates were identified to 
operational taxonomic level i.e. down to family level using available HKH 
identification keys such as  the HKH field key for selected Benthic Invertebrates 
from the HKH Region (Hartmann, 2007) and the key to the larval stages of common 
Odonata of Hindu Kush-Himalayan (Nesemann et al., 2011). The individuals of each 
taxon were counted separately and their abundance was evaluated as specimens‟ 
density per sample (25 x 25 cm
2
) at each site.  
In the literature, there are numerous recommendations, contradictions and 
requirements regarding the use of different taxonomic resolutions for 
macroinvertebrate identifications. Many authors (e.g. Rosenberg et al., 1986; Moog 
& Chovance, 2000; Schmidt-Kloiber & Nijboer, 2004) recommend for species-level 
taxonomic resolution to ensure accurate assessments of ecosystem health.  Although 
taxonomic resolution (identification) at the genus or species level may yield greater 
precision and valuable information (Prat et al., 2000), several other authors (e.g. 
Marchant et al., 1995; Bowman & Bailey, 1997; Dalby et al., 2003; Defeo & Lercari, 
2004) pointed out that taxonomic resolution of family level identification shows 
patterns of community distribution that are similar to patterns based on genus or 
species level data. According to Chessman et al., (2002), family level identification 
is sufficient for detecting distresses on the aquatic macroinvertebrate community 
with low cost and timely completion of the project. For example, a recent study 
(Marshall et al., 2006) indicated that species richness was very well represented by 
family level abundance data and thus, family level taxonomic resolution was 
recommended as the best resolution for resolving patterns in macroinvertebrate 
assemblages in the stream systems. Similarly, Gomez et al., (2003) also reported that 
Shannon–Weiner diversity values were similar regardless of whether species, genus 
or family-level data were used for assessing the oil spill effects on soft-bottom 
sublittoral benthic communities in the eastern part of the Bay of Morlaix in France. 
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A more detailed level of identification is generally required for ecological 
interpretation, though such studies require significantly more time, and the 
availability of an appropriate laboratory and facilities. As the focus of this study was 
the way in which seasonal family level variation might influence assessment of water 
quality, identification was made only to family level.  
 
3.2.6 Methods for abundance pattern and size-frequency distribution 
To investigate the temporal variability and recovery process or recolonization 
potential of macroinvertebrates after monsoonal disturbance, a month-wise 
abundance pattern of 10 most numerous macroinvertebrates were assessed. Monthly 
based macroinvertebrate samples collected from six sampling sites (as described 
above) were sorted into different taxonomic groups. The operational taxonomic unit 
(OTU) approach was adapted to sort organisms of the same family into individuals 
that look the same (i.e. seemed to be members of the same species). These groups of 
„look-alikes‟ are called OTU species (Sneath, & Sokal, 1973; Willmott, 1977). 
Abundance data for each OTU were tallied for all the sites and all months. 
Furthermore, body size-frequency distribution of 10 most common families over one 
annual cycle was also assessed to determine whether any basic information about the 
recruitment process in relation to time of the year could be obtained. The technique 
employed and the results of the size-frequency distribution are presented separately 
as a supplementary material in Appendices 8, 9 & 10. 
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3.3 Data/Statistical analysis 
A variety of numerical metrics were calculated using the available data. These 
metrics facilitate comparisons between different streams, and further allow the 
assessment of seasonal changes in the structure, species distribution patterns and 
abundance of macroinvertebrate communities.   
Therefore, data were compiled and summarized in order of taxonomic groups, taxa 
richness, abundance (total individuals) or relative abundance (percentage of the 
overall assemblage) of both individuals and family counts. Total family richness was 
measured by counting the number of families caught in the samples of each site. 
Graphs and tables were generated in Microsoft Excel/or Statistical software to 
interpret the results and make comparisons of taxonomic composition among 
sampling sites across the season.  
For statistical analysis, the data were processed employing the IBM SPSS Statistics 
22 program. Graphs (error bar) were generated to examine the general pattern of 
mean taxa richness for each site across the sampling periods. Data were further 
assessed using one-way analysis of variance (ANOVA) tests and a Random Block 
ANOVA to analyse differences among the sites across the seasons. Post-hoc tests 
were performed using Tukey HSD multiple comparisons model.    
Since richness is a simple measure that does not take into account abundance and 
evenness, the Shannon-Weiner Diversity Index was also calculated for each of the 
sites across and within all months.  
Monthly variation in macroinvertebrate composition across the sampling period was 
assessed. Cluster analysis was used to group stream sampling sites according to 
similarity of the macroinvertebrate family composition. The Bray-Curtis similarity 
index was calculated and a hierarchical cluster analysis was performed using either 
SPSS (IBM Corp) or using PAST 3 statistical software. Dendrograms were generated 
in relation to macroinvertebrate assemblages over time, from the start of regular 
monthly sampling time in August 2013 to until the end of sampling in May 2014. 
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Similarly, the same procedure was repeated to determine overall taxonomic 
similarity among sampling sites. To further complement, Principal Components 
Analysis (PCA) was performed to explore differences in taxonomic composition 
based of relative abundances at the family level identified taxa among sites and 
months, and to identify taxa contributing to differences.  This analysis was 
performed, using Palaeontological Statistics Software package – PAST 3 (Hammer et 
al., 2001). 
Relationships between macroinvertebrate community structure and a wide range of 
stream physicochemical variables (Chapter 2) were examined. Pearson correlation 
was used to determine the significant values of relationship between physiochemical 
variables and mean of total individuals and family counts.  
For the analysis of abundance pattern and size-frequency distribution, data from all 
sites were combined for the analysis (n = 30 per month; 5 replicates x 6 sites).  Data 
were examined using graphical representations of abundance and size-frequency 
distribution for each of the 10 most common OTUs. Error bar graphs were plotted to 
examine the patterns of macroinvertebrate abundance across the months. Monthly 
differences in abundance were assessed using a nonparametric analysis (Kruskal 
Wallis test) as the count data were non-normal and variances were heterogeneous. 
Post-hoc comparisons followed the method outlined in Siegel and Castellan (1988) 
using the R package pgirmess (http://cran.r-
project.org/web/packages/pgirmess/index.html).  
Size-frequency distribution data were examined to determine minimum and 
maximum sizes in each month, and general patterns of variation in size over the 
months. Size frequency distribution histograms were generated for OTU length to 
determine possible recruitment periods and recolonization potential of 
macroinvertebrate taxa. These analyses were performed using SPSS version 22. Note 
that size distribution data also included incidental captures made in June and July 
during the peak monsoon. 
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3.4 Results 
3.4.1 General observations of macroinvertebrate community composition 
Three hundred standard dip net samples were taken over 10 months (6 sites x 5 
samples per site). Haphazard samples were also taken in the monsoon period of June 
and July when flow rates did not permit standard sampling. Unless otherwise stated, 
the results below relate to the 300 standard samples taken monthly from August 2013 
to May 2014. 
A total of 14621 benthic macroinvertebrates belonging to 62 families (including 4 
sub-families) comprising 13 taxonomic orders were captured in the 300 samples 
(mean = 49.1 per sample; min = 0, max = 188). Opportunistic sampling in June and 
July was possible on only 6 days and only at the edges of streams. All sites were 
visited in both months. Only 11 individuals from three families (Baetidae, Perlidae 
and Psephenoidinae) were detected in these samples (see Appendix 2). 
Trichoptera was the most abundant taxonomic group in terms of family diversity 
with the total of 15 families, followed by Ephemeroptera and Coleoptera with 10 
families each. Taxonomic orders Diptera and Odonata had 6 families each, followed 
by Plecoptera with 4 families.  Decapoda and Hemiptera were represented by three 
families each and remaining taxa that belonged to orders Megaloptera, Lepidoptera, 
Tricladida, Phyllodocida and Hygrophila showed one family each (Tables 3.1 & 3.2). 
Although, trichopterans dominated the entire sample in terms of family count (15 
families), numerically ephemeropterans were the most abundant group with the total 
of 5626 individuals sampled or 38.48 % of total relative abundance. This was then 
followed by Trichoptera with 4851 individuals (or 33.18% of relative abundance), 
Coleoptera with 2223 individuals (or 15.2% of relative abundance), Dipterans with 
1489 individuals (or 10.18 % of relative abundance) and plecopterans with 311 
individuals (or 2.13% of relative abundance). Remaining taxonomic orders such as 
Odonata, Decapoda, Hemiptera, Megaloptera, Lepidoptera, Tricladida, Phyllodocida 
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and Hygrophila were relatively rare (<100 individuals), with two orders 
(Phyllodocida and Hygrophila) represented by only one individual being caught 
during the entire 10 months of sampling. The relative abundance of taxonomic 
groups is shown in Table 3.1. 
 
Table 3.1 Summary of the list of taxonomic orders against taxa richness 
(number of families) and abundance (total individuals) collected during the entire 
sampling periods. Relative abundances are calculated based on total number of 
families (i.e. 62), including 4 sub-families, and individuals (i.e. 14,621) collected 
from the six sampling sites across the sampling periods including opportunistic 
sampling in June and July-2013 (i.e. during peak monsoon season). 
Taxonomic 
Order 
Total  
Family/sub-family 
Relative 
abundance (%) 
Total 
individuals 
Relative 
abundance (%) 
Ephemeroptera  10 16.1 5626 38.48 
Trichoptera  15 24.2 4851 33.18 
Coleoptera 10 16.1 2223 15.2 
Diptera  6 9.8 1489 10.18 
Plecoptera  4 6.5 311 2.13 
Odonata  6 9.7 68 0.47 
Decapoda 3 4.8 17 0.12 
Hemiptera 3 4.8 11 0.08 
Megaloptera 1 1.6 9 0.06 
Lepidoptera 1 1.6 7 0.05 
Tricladida 1 1.6 7 0.05 
Phyllodocida 1 1.6 1 0.01 
Hygrophila 1 1.6 1 0.01 
Total  62 100 14621 100 
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Table 3.2 shows the total number of individuals caught in each of the 62 families 
(including 4 sub-families) sampled with their relative abundance. Five families 
accounted for more than 70% of total captures: Hydropsychidae (3190), Baetidae 
(2684) Psephenoidinae (1943), Heptageniidae (1665) and Philopotamidae (1150). 
More than half the families sampled (34 of 62 families) were represented by fewer 
than 10 captures and eight families were represented by just one individual.  
 
Table 3.2 Family-wise macroinvertebrate composition and abundance from 360 
samples across five streams in the southwest Bhutan. Relative abundance was 
calculated based on total number of individuals collected (i.e. 14,621) from the six 
sampling sites over the entire sampling periods of 12 months (including opportunistic 
samplings during peak monsoon months in June & July). 
 
Order Family/sub-family 
Total 
individuals 
Relative  
abundance (%) 
Coleoptera Dytiscidae 1 0.01 
 
Elmidae 72 0.49 
 
Eubrianacinae(sub-family) 55 0.38 
 
Eubriinae(sub-family) 2 0.01 
 
Gyrinidae 15 0.1 
 
Hydrochidae 5 0.03 
 
Hydrophilidae 7 0.05 
 
Psepheninae(sub-family) 4 0.03 
 
Psephenoidinae(sub-family) 1943 13.29 
 
Scirtidae 119 0.81 
Decapoda Astacidae 11 0.08 
 
Atyidae  2 0.01 
 
Potamidae 4 0.03 
Diptera  Blephariceridae 103 0.7 
 
Chironomidae 237 1.62 
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Order Family/sub-family 
Total 
individuals 
Relative  
abundance (%) 
 
Simuliidae 793 5.42 
 
Syrphidae 5 0.03 
 
Tabanidae 187 1.28 
 
Tipulidae 164 1.12 
Ephemeroptera  Baetidae 2684 18.36 
 
Caenidae 176 1.2 
 
Ephemerellidae  687 4.7 
 
Ephemeridae 1 0.01 
 
Heptageniidae 1665 11.39 
 
Isonychiidae 5 0.03 
 
Leptohyphidae 14 0.1 
 
Leptophlebiidae 389 2.66 
 
Neoepehmeridae 2 0.01 
 
Prosopistomatidae  3 0.02 
Hemiptera Belostomatidae 6 0.04 
 
Naucoridae 2 0.01 
 
Notonectidae 3 0.02 
Lepidoptera Pyralidae 7 0.05 
Megaloptera Corydalidae 9 0.06 
Odonata  Corduliidae 5 0.03 
 
Epiophlebiidae 1 0.01 
 
Euphaeidae 8 0.05 
 
Gomphidae 21 0.14 
 
Libellulidae 1 0.01 
 
Platystictidae 32 0.22 
Phyllodocida Phyllodocidae 1 0.01 
Plecoptera  Chloroperlidae 2 0.01 
 
Nemouridae 8 0.05 
 
Perlidae 300 2.05 
 
Perlodidae 1 0.01 
  
 
 
Chapter 3:   Macroinvertebrate abundance and richness 89 
 
 
 
 
Order Family/sub-family 
Total 
individuals 
Relative  
abundance (%) 
Hygrophila Physidae  1 0.01 
Trichoptera  Brachycentridae 2 0.01 
 
Glossosomatidae 19 0.13 
 
Goeridae 34 0.23 
 
Hydropsychidae 3190 21.82 
 
Hydroptilidae 2 0.01 
 
Lepidostomatidae 64 0.44 
 
Leptoceridae 77 0.53 
 
Limnephilidae 4 0.03 
 
Odontoceridae 1 0.01 
 
Philopotamidae 1150 7.87 
 
Polycentropodidae 7 0.05 
 
Rhyacophilidae 6 0.04 
 
Sericostomatidae 33 0.23 
 
Stenopsychidae 258 1.76 
 
Uenoidae 4 0.03 
Tricladida Planariidae 7 0.05 
 
Total 14,621 100 
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3.4.2 Patterns in macroinvertebrate taxa richness and diversity 
Comparisons among sites 
While 62 families including 4 sub-families were detected across all sites, the number 
of families detected at each site ranged from 41 at Agriculture site 1 to 31 at 
Agriculture site 2 and the Settlement site. Thirty nine families were detected at the 
Land Erosion site, and Undisturbed sites 1 and 2 had contributed 35 and 36 families 
respectively (Appendices 3 & 4). However, when total numbers of families captured 
per site were averaged across months, these mean values of total families recorded 
per month were highest at the undisturbed and land erosion sites (Figure 3.2).  The 
difference between sites was significant (Random blocks ANOVA – months as 
blocks: F5, 45 = 9.7, p<0.001). The mean number of families per month was 
significantly lower at the Settlement site and Agriculture 2 site relative to two 
Undisturbed sites and Land Erosion site (Tukey test: p<0.05). 
A similar pattern was evident when the Shannon Wiener diversity index (H) was 
compared between sites. The two undisturbed sites had significantly higher H values 
than the two agriculture sites and the settlement site. However the land erosion site 
differed only from the settlement site (Random Blocks ANOVA – months as block: 
F5, 45=12.2, p<0.001; Tukey test: p<0.05). Species richness and H values for each 
site in each month are shown Table 3.3.  
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Figure 3.2 Mean number of families sampled at each sampling sites (months are 
replicates). 
 
 
Comparisons among months 
The same data that were used to examine site-to-site variation (total species caught 
per month per site; Shannon Weiner diversity based on monthly captures at a site; 
Table 3.3) were used to examine patterns over time. Family richness per month 
ranged from 0 (Settlement – September) to 23 (Undisturbed site2 – January). All 
sites had values of less than 10 families sampled per month, especially in months 
immediately following the monsoon. In general, seasonal distribution of total family 
richness per site was greater during low stream flow period (November - April), 
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falling moderately by the pre-monsoon month in May. A random blocks ANOVA 
(sites as blocks) indicated significant differences in family richness between months 
(F9, 45 = 19.2, p<0.001), and that species richness in August, September, October and 
May were all lower than species richness values in each month from November to 
April (Tukey test; p<0.05). 
Shannon Weiner diversity values showed a similar pattern to family richness with 
values ranging from 0 (Settlement – September) to 2.51 (Agriculture site1 and 
Undisturbed site1 – November).  Differences between months were significant 
(Random blocks ANOVA; F9,45= 4.29, p<0.001). However, these differences were 
not as great as family richness differences, with only September values being 
significantly lower than the monthly values from December to April (Tukey test; 
p<0.05).  
The pattern of differences in family richness was found when variations between 
monthly samples at each site were considered. Figure 3.3 shows the error bar graph 
of the overall pattern of mean taxa richness at each site across the 10 months of 
sampling (based on the five replicates per site). The general pattern for all sites was 
for macroinvertebrate taxa richness to show low values immediately post monsoon, 
and for the mean number of families to increase with time since monsoon. Taxa 
richness also tended to decline in the pre-monsoon period (e.g. May) at some sites 
(Figure 3.3). Consequently, a two way Analysis of Variance (ANOVA) test was 
performed to assess any differences in taxon richness by site, and month (samples 
within each site and month are replicates). There was a significant interaction 
between month and site (F45, 250 = 2.46, p<0.001) indicating that differences between 
months depended on site.  
Given the month to month differences varied between sites, one-way ANOVAs were 
performed in order to determine if macroinvertebrate taxa richness varied 
significantly across the season at each site. Results are presented in Table 3.4. The 
mean number of families caught per month varied significantly for all sites. While 
there were some differences between sites (as indicated by the two way ANOVA 
results), the same general pattern noted above was evident at each site; the number of 
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families detected tended to be lower immediately following the monsoon, and 
increased over time.  
At some sites, the mean number of families declined in the month immediately 
before the monsoon (May) (see post hoc results in Table 3.4). 
 
 
 
Figure 3.3 Mean taxa richness for each site in each month (based on the 5 
samples per site per month) during the regular sampling periods (August 2013 to 
May 2014). 
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Table 3.3 Months versus Sites-wise taxa richness and Shannon-Wiener Diversity Index (H) of macroinvertebrates in the streams of 
southwest Bhutan, August 2013 to May 2014. 
 Sampling Sites 
 
Months 
Agriculture1 Agriculture2 Undisturbed1 Undisturbed2 Settlement Land Erosion 
taxa richness H taxa richness H taxa richness H taxa richness H taxa richness H taxa richness H 
Aug-13 3 0.44 8 1.65 6 1.7 6 1.58 4 1.35 8 1.41 
Sep-13 10 0.89 6 0.88 6 1.42 6 1.53 0 0 8 1.54 
Oct-13 7 0.55 5 0.64 12 2.12 12 2.06 8 1.26 15 1.91 
Nov-13 21 2.51 13 1.4 19 2.46 21 2.51 14 1.02 13 1.36 
Dec-13 15 1.55 18 1.99 20 2.09 17 2.23 15 1.72 17 1.89 
Jan-14 17 1.8 15 1.98 21 2.09 23 2.4 14 1.28 16 1.84 
Feb-14 13 1.46 13 1.46 20 2.11 20 2.29 13 1.11 21 2.12 
Mar-14 15 1.71 13 2.01 20 2.22 20 2.33 14 1.64 19 2.39 
Apr-14 15 1.49 15 1.69 21 2.4 17 2.18 12 1.16 19 2.24 
May-14 10 2.08 2 0.69 18 2.3 15 2.3 2 0.69 10 2.12 
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Table 3.4 One-way ANOVA results for taxa richness across the season at the six 
sampling sites. Months (within sites) with the same letter have the same mean 
number of families detected per month (based on Tukey post-hoc tests: p<0.05). 
Degrees of freedom for all analyses = 9,49. ** = p<0.001. 
 
Site F Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
Agriculture1 11.3** A AB A C BC C BC C BC AB 
Agriculture2 21.4** A A A B B B B B B A 
Undisturbed1 16.9** A A B BC BC BC BC BC C B 
Undisturbed2 12.4** A AB BCD CD CD D D D CD AB 
Settlement 20.5** A A B BC BC BC BC C BC A 
Land Erosion 11.6** A AB ABCD ABCD BCD CD DE E DE AB 
 
 
3.4.3 Correlations between physical variables and species richness 
Table 3.5 shows the bivariate Pearson Correlations between physicochemical 
parameters and macroinvertebrate abundance (total individuals) and taxa richness 
(family counts).  
Abundance was negatively correlated with air temperature, water temperature, 
stream velocity and stream depth, while it was positively correlated with DO.  No 
correlation existed between conductivity, pH and stream width. Similarly, taxa 
richness was negatively correlated with air temperature, water temperature and 
stream velocity, while positive correlation was shown with DO. No correlations 
existed between taxon richness or abundance and conductivity, pH, and stream 
width, and between taxon richness and stream depth (Table 3.5). 
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Table 3.5 Pearson Correlations of Physicochemical variables with mean values 
of total individuals (14621) and family counts (62). (n = 60 for all correlations, 
except DO and stream velocity, where n = 42 and 58 respectively) 
 
Physicochemical  
variables 
Correlations with abundance Correlations with taxa richness 
r-value p-value r-value p-value 
Air temperature (
o
C) -0.590 <0.001 -0.460 <0.001 
Water temperature (
o
C) -0.666 <0.001 -0.577 <0.001 
Dissolved oxygen (mg/L) 0.387 <0.005 0.371 <0.005 
Conductivity (μS/cm) 0.046 0.725 -0.241 0.064 
pH values 0.064 0.628 -0.211 0.105 
Flow velocity (m/s) -0.542 <0.001 -0.457 <0.001 
Stream depth (m) -0.456 <0.001 -0.189 0.147 
Stream width (m) -0.211 0.105 0.007 0.956 
** Correlation is significant at the 0.01 level (2-tailed)  
* Correlation is significant at the 0.05 level (2-tailed). 
 
 
3.4.4 Macroinvertebrate community composition 
The similarity analysis of the macroinvertebrate community composition, for all sites 
combined, generally clustered the months into three distinct groups. The division 
separated the similarity in community composition mostly by wet and dry season 
(Figure 3.4). PCA was performed to identify the macroinvertebrate families that 
contributed the most to those seasonal differences. In general, this analysis also 
showed a clear distinction in taxonomic composition between wet and dry season 
months (Figure 3.5). For all streams when all six sites were combined, the Principal 
Component 1 and 2 (PC1 & PC2) explained 69.7% and 18.2% of the total variation 
respectively. PC1 was characterized by higher abundances of families such as 
Hydropsychidae, Psephenoidinae and Heptageniidae in the drier months. PC2 was 
associated with higher abundances of families Baetidae, Philopotamidae and 
Stenopsychidae that were associated with the early dry season months of November 
and December (Figure 3.5; Appendix 5).  
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When all months were pooled to examine the general site to site relationships, the 
cluster analysis dendrogram revealed two distinct groupings among the studied sites 
(Figure 3.6). As expected, Undisturbed sites 1 and 2 shared the higher similarity of 
taxa composition. The site impaired by the natural land erosion was more similar to 
Undisturbed site 1 & 2 than to the   Agriculture sites 1 & 2, and the settlement site 
which formed a separate group. Interestingly, within this grouping, Agriculture site 1 
and the Settlement site observed marginally greater similarity to each other than to 
the Agriculture site 2 (Figure 3.6).  
The PCA analysis further confirmed these patterns in macroinvertebrate community 
composition between sites. PC1 explained 73.5% of variation, and PC2 accounted 
for 17.5% of total variation (Figure 3.7; Appendix 5). Generally, the families that 
contributed most to site differences in community composition were mainly 
constituted by three trichopteran taxa (e.g. Hydropsychidae, Philopotamidae and 
Stenopsychidae), one taxon from coleopteran group (e.g. Psephenoidinae), four taxa 
from ephemeropteran group (e.g. Baetidae, Heptageniidae, Caenidae and 
Leptophlebiidae), and a single taxon each from dipteran and plecopteran groups (e.g. 
Simuliidae and Perlidae) (Figure 3.7). In particular, the undisturbed sites had more 
Philopotamidae and Heptageniidae and fewer Hydropsychidae than the Settlement 
and Agriculture sites. Also, Simuliidae and Baetidae were more common at the Land 
Erosion and Agriculture sites. 
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Figure 3.4 Dendrogram showing similarity in taxa composition between months 
(all sites combined). Dendrogram based on Bray- Curtis similarity measure and 
UPGMA clustering. 
 
Figure 3.5 Ordination diagram of the Principal Components Analysis (PCA) (all 
sites combined) for each of the 10 months along the Principal Component axes 1 and 
2 (PC1 and PC2), based on macroinvertebrate data identified to family level, 
showing community composition differences across the season. 
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Figure 3.6 Bray-Curtis cluster analysis dendrogram showing similarity in taxa 
composition between/among six different sampling sites (all months combined) 
(Agri1-Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2, Set- Settlement site and LE-Land erosion site). 
 
Figure 3.7 Ordination diagram of the seasonal samples (all months combined) for 
each of the six sites (viz. Agriculture site1; Agriculture site2; Undisturbed site1; 
Undisturbed site2; Settlement site and Land Erosion site) along the Principal 
Component axes 1 and 2 (PC1 and PC2), based on macroinvertebrate data identified 
to family level, showing community composition differences between/or among 
sites. 
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Because there were clear between-site and between-month differences in family 
composition, cluster analysis dendrograms and PCA ordination diagrams were 
constructed separately for each site, and then separately for each month, to assess 
taxa composition across the sites and seasons, and to identify the families that were 
potentially driving these differences. These analyses served to facilitate the 
interpretation of seasonal and site-wise variation of macroinvertebrate community 
composition and the identification of potential environmental variables that 
determine the macroinvertebrate community structure.  
As in the combined data, the dendrograms based on separate sites revealed a 
fundamental split of two groups in taxonomic composition among sampling sites 
across the seasons. For example the first group usually comprised sample months 
immediately following the monsoon (August, September, and sometimes October). 
The second group generally comprised the samples from November to April (Figure 
3.8a). The last month before the monsoon started (May) was generally either separate 
to all other months (Figures 3.8a & 3.9a), or grouped with early months (August and 
September) (Figures 3.12a & 3.13a). At the undisturbed sites, May grouped with 
October and November (Figure 3.10a).   
For the site by site PCA analyses, the first two principal coordinates accounted for 
more than 80% of the total variation at all sites except the Land Erosion site (70%), 
and are presented in the following plots. The plots for all six sites indicated a general 
separation of the dry season months from the other months, however the species 
contributing to this separation showed some variation between sites. For example, at 
Agriculture site1, the contributing families included Hydropsychidae (February, 
March & April) and Baetidae (October) (Figure 3.8b). Similarly, the most driving 
families at Agriculture site2 were attributed to higher abundance of Hydropsychidae 
(February & April) and Psephenoidinae (December & January) (Figure 3.9b). Unlike 
any other sites, at the two undisturbed sites (Undisturbed site1 and 2) the drier 
months were mainly correlated to higher densities of Philopotamidae, Heptageniidae 
and Psephenoidinae (Figures 3.10b & 3.11b). At the Settlement site, the most 
important families included Hydropsychidae (January, February, March and April), 
Psephenoidinae (January and February) and Baetidae (November and December) 
(Figure 3.12b). And at the Land erosion site, the families most associated with the 
different months were Baetidae (November), Simuliidae (January and February), 
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Psephenoidinae (March) and Heptageniidae (February) (Figure 3.13b). Details of 
PCA performed for each of the six sites relative to season are presented in Appendix 
6.  
 
 
 
Figure 3.8 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Agriculture site1. 
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Figure 3.9 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Agriculture site2. 
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Figure 3.10 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Undisturbed site1. 
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Figure 3.11 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Undisturbed site2. 
  
__________________________________________________________________________________ 
Chapter 3: Macroinvertebrate abundance and richness   105 
 
 
 
 
 
 
Figure 3.12 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Settlement site. 
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Figure 3.13 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the months, (b) ordinate 
diagram of the PCA across the months at the Land Erosion site. 
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Cluster analysis dendrograms and PCA ordination diagrams were further plotted 
separately for each of the sampling months to evaluate month-wise similarity or 
dissimilarity in community composition between the sites, and to identify the 
families that were contributing most to these site to site differences in each month. 
The cluster analysis dendrograms revealed that the two Undisturbed sites 
consistently grouped together for most months (except December). This similarity 
was expected given that these two sites fall within the same stream reach minimum 
500m apart, and that made the two sites distinct in taxonomic composition from any 
other sites (Figures 3.14a; 3.15a; 3.16a; 3.17a; 3.19a; 3.20a; 3.21a; 3.22a & 3.23a). 
In December the Land Erosion site was more closely related to Undisturbed site 2, 
than to other sites, and there was a general tendency for the Land Erosion site to be 
more similar to Agriculture or Settlement sites in early months, and undisturbed sites 
in the later months. The Settlement and Agriculture sites were also more closely 
related to each other than to other sites, though the relative similarities varied 
between months. 
Similarly, the PCA ordination diagrams constructed separately for each of the 
months identified the families contributing most to monthly variation in community 
composition at the sampled streams. Plotted diagrams of PC1 and PC2 indicated that 
different families appeared to be important in different months, though there was a 
broad separation of early season and later, dry season months (Figures 3.14b to 
3.23b). For example, Hydropsychidae was associated with the two undisturbed sites 
in August and the Land Erosion site in October, but was more strongly linked to the 
Agriculture and Settlement sites from November onwards. In the later months, 
Simuliidae was linked to the Land Erosion site, and Heptageniidae, Leptophlebiidae 
and Psephenoidinae appeared to be more common at the Undisturbed sites.  Details 
of PCA results for each of the months are presented in Appendix 7.  
The analyses presented above show a clear seasonal pattern in macroinvertebrate 
composition, plus some generally consistent site to site patterns that are influenced to 
some degree by the seasonal pattern. The data also reveal that a small group of 
families are often responsible for the site to site and month to month patterns in 
similarity of composition. These families tend to be the most common families 
captured, and the patterns of abundance of these families are examined in the next 
section. 
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Figure 3.14 Plots showing (a) cluster analysis dendrogram based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of August. 
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Figure 3.15 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of September. 
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Figure 3.16 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of October. 
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Figure 3.17 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of November. 
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Figure 3.18 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of December. 
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Figure 3.19 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of January. 
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Figure 3.20 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of February. 
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Figure 3.21 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of March. 
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Figure 3.22 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of April. 
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Figure 3.23 Plots showing (a) cluster analysis dendrograms based on Bray-Curtis 
similarities showing similarities of taxa composition across the sites (Agri1-
Agriculture site1; Agri2-Agriculture siet2; UD1-Undisturbed site1; UD2-
Undisturbed site2; Set- Settlement site and LE-Land erosion site), (b) ordinate 
diagram of the PCA across the sites, for the month of May. 
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3.4.5 Abundance data 
The ten most abundant families selected for the assessment of macroinvertebrate 
abundance patterns comprised three families from the taxonomic group Trichoptera 
(Hydropsychidae, Philopotamidae and Stenopsychidae), four families from 
Ephemeroptera (Baetidae, Heptageniidae, Ephemerellidae and Leptophlebiidae), and 
one family from each of the Coleoptera (Psephenoidinae), Diptera (Simuliidae) and 
Plecoptera (Perlidae). The abundance of these taxa ranged from 3,190 individuals 
(Hydropsychidae) to 258 (Stenopsychidae) (Table 3.2). 
Figures 3.24a to j are error bar graphs showing monthly mean abundance patterns for 
each of these ten families. All families showed the same general pattern of 
abundance across the seasons; average abundance was low immediately after the 
monsoon, increased over the following months, and showed some decline in the 
months leading up to the next monsoon. However, peak abundance and decline in 
abundance patterns prior to the commencement of monsoon, varied slightly among 
different families. For example, Baetidae showed highest abundance in November, 
and declined in abundance in following months, whereas Psephenoidinae showed 
highest numbers in February followed by a gradual decline in number (Figure 3.24b 
and c).  
The overall difference in mean abundance pattern between months was statistically 
significant for all ten families (Kruskal Wallis tests – Table 3.6). A closer 
examination of monthly mean abundance pattern by post hoc test indicated similar 
patterns for some of the families (Table 3.6). For example, Hydropsychidae, 
Baetidae, Psephenoidinae and Heptageniidae all showed significantly lower 
abundance in early months following the monsoon relative to later in the season, and 
higher abundance was maintained for a few months. In contrast, there were only 
minor differences in abundance for some other taxa. For example, for 
Stenopsychidae, only abundance in September and November were significantly 
different (Table 3.6). And for Perlidae, although an overall significant difference was 
detected by the Kruskal Wallis test, the post hoc show no two months differed 
significantly from each other (p>0.05). The difference between January and 
September, and January and April were the largest differences for this family. 
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Although there was some variability, there were no cases where abundance was high 
in the months immediately following the monsoon, or just prior to the monsoon.  
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Figure 3.24 A month-wise mean abundance pattern for 10 most abundant 
macroinvertebrate families captured during the study:  (a) Hydropsychidae; (b) 
Baetidae; (c) Psephenoidinae; (d) Heptageniidae; (e) Philopotamidae; (f) Simuliidae; 
(g) Ephemerellidae; (h) Leptophlebiidae; (i) Perlidae; and (j) Stenopsychidae. Note: 
all means are based on the pooled values from all sites combined (30 samples per 
month – 6 sites x 5 samples / site). Note that all plots do not have the same scale for 
mean abundance. This is to allow clearer interpretation of the variation in abundance 
within taxa. 
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Table 3.6 One way ANOVA and post hoc results of the selected ten common families in order to determine the abundance pattern across the 
seasons. Months with the same alphabetical letter represent the same mean abundance per month based on Kruskal post-hoc tests, (p<0.05). 
(Degrees of freedom for all analyses=9 and *p<0.05; **p<0.01; ***p<0.001). 
 
Family  ANOVA August September October November December January February March April May 
Hydropsychidae 145.4*** ab a bcd cd e de de de de abc 
Baetidae 112.1*** ae ab bc cd c cd abd abd abd e 
Psephenoidinae 183.9*** a a a ab bc c c c ab a 
Heptageniidae 100.8*** ac ab abc cd d d d d cd abc 
Philopotamidae 95.6*** a ad ab ab bc ce bc bc bcd ade 
Simuliidae 66.7*** ad a ab abc b bc bd bcd abcd ad 
Ephemerellidae  148.8*** a ac ab bd bc bc de e be ac 
Leptophlebiidae 42.09*** a ab ab ab ab ab ab b ab ab 
Perlidae 83.6* a a a a a a a a a a 
Stenopsychidae 52.0*** ab b ab a ab ab ab ab ab ab 
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The monthly capture data for these 10 families were also examined in relation to site 
to site differences. Mean plots of average catch rate by month and site are presented 
in Appendix 11. While a two-way ANOVA would provide a detailed comparison of 
site to site differences within months, the number of pairwise comparisons within 
each site by month combination is 1770, making general interpretations difficult. 
Therefore a straightforward two way blocked ANOVA, based on total captures per 
month for each site was conducted for each family (i.e. comparing mean catch per 
site using months as blocking factor). Results are presented in Table 3.7. 
For six of the 10 families, abundance was higher at an undisturbed site relative to 
other sites (usually agriculture and or settlement sites). Exceptions were for family 
Baetidae which were more abundant at Agriculture site 1 than Undisturbed site 1, 
Hydropsychidae that were more abundant at the Settlement site relative to the Land 
Erosion and Undisturbed sites, and Simuliidae that were more abundant at the Land 
Erosion site than Agriculture site 1 or the Undeveloped sites. While these analyses 
represent a very general assessment of abundance, it is clear that the abundance of 
several families varies significantly between the six sites, and catch rates of families 
were often higher at the undisturbed sites. 
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Table 3.7 Results of a two way blocked ANOVA (data blocked by month), 
examining the difference in mean abundance between sites for the 10 most abundant 
families. Degrees of freedom are 5,45 for all comparisons. Pairwise differences are 
derived from Tukey‟s test (p<0.05). 
Family p-values Significant pairwise differences 
Baetidae  0.023 Agriculture1 > Undisturbed1 
Ephemerellidae  0.022 Undisturbed1 > Agriculture 2 and Settlement 
 
Heptageniidae 
 
<0.001 
Undisturbed1 > Agriculture1, Agriculture2  
and Settlement site/Undisturbed2 > Agriculture2  
and Settlement 
Hydropsychidae 0.003 Settlement > Land erosion, Undisturbed1 and 
Undisturbed2 
Leptophlebiidae  <0.001 Undisturbed1 >Agriculture1, Agriculture2, Land 
erosion and Settlement 
 
Perlidae 
 
<0.001 
Undisturbed1 > Agriculture1, Agriculture2, Land 
erosion and Settlement / Undisturbed2 >Agriculture 
1, Agriculture2 and Settlement  
Philopotamidae  0.004 Undisturbed1 > Agriculture1 and Settlement 
Psephenoidinae 0.332 na 
Simuliidae  0.011 Land erosion > Agriculture 1, Undisturbed1 and 
Undisturbed2 
Stenopsychidae  <0.001 Undisturbed1 and Undisturbed 2 > Agriculture1, 
Agriculture2 and Settlement 
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3.4.6 Size distribution data 
Appendix 9a to j shows the size-frequency distribution histograms for each of the 10 
most common families. Appendix 10 shows sample sizes and minimum and 
maximum sizes of individuals caught in each month. 
Across all 10 taxa there was no strong evidence of a large cohort of small individuals 
appearing immediately following the monsoon (August – September), and this cohort 
tracking through larger sizes in each sample period. For most groups small 
individuals were present in most post-monsoon months, though for some taxa there 
were a higher proportion of smaller individuals in the three to four months following 
the monsoon (e.g. Baetidae, Heptageniidae, Stenopsychidae- Appendix 9b, d and j). 
Similarly, larger individuals tended to be present for most taxa in most months, 
though in some groups there appeared to be larger individuals in the November to 
February period (Simuliidae, Heptageniidae, Ephemerellidae, and Leptophlebiidae – 
Appendix 9d, f, g and h).  
Three taxa were also sampled in the June and July opportunistic sampling (Baetidae, 
Psephenoidinae and Perlidae). Although only low numbers were sampled, these 
included larger individuals indicating that some taxa were present in streams all year 
round, and under conditions of extremely high flow. 
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3.5 Discussion 
3.5.1 Macroinvertebrate assemblage 
Macroinvertebrate community composition in the subtropical streams of southwest 
Bhutan was represented by 62 families (including 4 sub-families) belonging to 13 
taxonomic orders. Of the 14,621 individuals sampled (including 11 individuals 
caught during opportunistic samplings in June and July), most were from the orders 
Trichoptera, Ephemeroptera, Coleoptera, Diptera, and Plecoptera. Less than 1 % of 
the total samples represented from the Orders Odonata, Decapoda, Hemiptera, 
Megaloptera, Lepidoptera, Tricladida, Phyllodocida and Hygrophila. Previous 
studies have indicated Ephemeroptera, Plecoptera, Trichoptera (EPT) and Coleoptera 
are characteristics of flowing water in the streams with sandy bottoms and litter 
accumulation (Bagatini et al., 2012). These macroinvertebrates, particularly EPT, are 
known by their higher sensitivity to poor water quality (Bagatini et al., 2012). Their 
presence in the streams sampled therefore suggests reasonable water quality, 
although fewer plecopteran families were represented from within the EPT groups, 
and compared with two other taxonomic orders namely, Coleoptera and Diptera. For 
example, only four families (Chloroperlidae, Nemouridae, Perlidae and Perlodidae) 
represented from Plecoptera, with Perlidae contributing the highest number (308 
individuals) within that order. Taxa occurrence in low number in the samples may be 
attributed to higher temperature in the region (at all sites except the undisturbed sites, 
maximum water temperature exceeded 25 ºC; see Chapter 2).  According to the 
literature, the order Plecoptera is considered highly sensitive to environmental 
degradation (Fore et al., 1996).  Additionally, study by Sponseller et al., (2001) 
suggested that the relationship between thermal regime and macroinvertebrate 
diversity may not hold if maximum stream temperature becomes too high, 
particularly for thermal sensitive taxa such as plecopteran groups. Hynes (1976) and 
Baumann (1979) also reported in their studies that plecopteran groups are primarily 
cool water species, rarely being found from water temperature above 25 ºC. 
Furthermore, Jacobsen et al., (2008) indicated plecopteran groups are primarily 
characteristics of mountain streams or rivers and some taxa are largely confined to 
temperate region in low temperature. For example, Elliott (1987) reported that the 
optimum habitat for plecopteran species (e.g. Leuctra nigra) appears to be a summer 
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cool stream, not exceeding a maximum temperature of 14 ºC.  This group of insects 
was the first taxonomic order to disappear as a result of the habitat changes 
(Bollmohr & Schulz, 2009) and climate impacts.  Another possible explanation to 
this low plecopteran richness and abundance may be attributed to open canopy 
vegetation cover at the sampling sites. Previous studies have indicated survival of 
Plecoptera adults is influenced by dense vegetation along the stream sides (Peterson 
et al., 1999) since plecopteran prefer a particular type of vegetation for rest and 
mating (Sweeney, 1993).  Air temperature in forested areas is lower compared with 
open canopies. Therefore, open canopy cover at my study area could explain the low 
plecopteran abundance and richness.  
Overall, trichopteran groups were the most abundant and persistent taxonomic group 
in terms of family richness (15 families) followed by Ephemeroptera and Coleoptera 
with 10 families each. Trichoptera are among the most diverse aquatic insects 
worldwide and dominate in abundance and biomass of aquatic insects in small 
streams and rivers (Amusan & Ogbogu, 2013). However, in this study, within the 
trichopteran group, most of the pollution sensitive taxa contributed a fewer number 
of individuals in the samples. According to Hughes (1997), species of 
Glossosomatidae, Polycentropodidae and Limnephilidae are said to be pollution 
intolerant taxa and were found to exhibit a restricted distribution. In this study, 
among the trichopteran group, Hydropsychidae represented the most abundant family 
with the total of 3,190 individuals. The dominance of this family in the samples can 
be explained by the fact that they are found in many types of flowing water of 
varying stream sizes, velocities and thermal regimes. Additionally, in this study, this 
family tended to play dominant roles in community composition for most of the 
months particularly at the streams flowing through the settlement area and 
agricultural landscapes, (with minimum occurrence at the two undisturbed sites), 
indicating their preferences and adaptability in different stream types. Several 
previous studies have indicated species of this family show a wide range of tolerance 
to climatic, physical and chemical conditions and could also adjust to increase or 
decrease in stream discharge (Amusan & Ogbogu, 2013). Lenat (1993) reported that 
family Hydropsychidae increases in abundance with increasing urban and 
agricultural land use. This adaptability under different environmental conditions and 
food availability may have contributed to this success. Studies have investigated 
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microhabitat preferences in net-spinning trichopteran groups. For example, Williams 
& Hynes (1973) found that trichopterans preferred shallow, fast flowing streams with 
moss-covered stone. Moss appears to be an ideal support for food capture (Oswood, 
1979). The most recent study undertaken by Pîrvu et al., (2015) indicated that the 
net-spinning caddisfly Hydropsychidae, are found in all types of running waters.  
Although, trichopterans dominated the entire samples in terms of family count, 
numerically ephemeropterans were the most abundant group in this study, with 38.5 
% of total relative abundance. However, it is to be noted that, the abundance and the 
contribution from each family in the taxonomic groups vary among sampling sites. 
For example, the two undisturbed sites had 12 taxa (family) each within trichopteran 
group, while Settlement site had only 5 taxa. Conversely, Settlement site contributed 
the highest number of Hydropsychidae (1057) individuals, while the lowest was 
shown by the Undisturbed site 2 with 205 individuals in the entire sampling periods 
(Appendix 3). While members of trichopteran group (e.g. Hydropsychidae) are 
generally considered sensitive to anthropogenic stressors, the present study suggested 
that Hydropsychidae might be less sensitive to environmental disturbances, such as 
the possibility of organic enrichment at the settlement site, which agrees with the fact 
that this family is not very sensitive to organic pollution (Buss et al., 2002). Present 
study also indicated that distribution of taxa and individuals varied among sites. So 
the characteristics of the sampling sites are important factors to be considered for the 
taxa composition. It is also known that pollution of a stream reduces the number of 
species of the stream systems and eventually creating an environment that is 
favourable to a few tolerant species as stream become more and more polluted 
(Zimmerman, 1993). Thus, in polluted streams, there are usually large number of a 
few species, while in good water quality streams, there are moderate number of many 
species (i.e. higher species richness).  
Interestingly, all dominant families of different taxonomic groups in the entire 
samples were represented from the pollution sensitive groups of macroinvertebrates 
that served as key indicator species for water quality assessment in the region. 
However, more than half the families sampled (34 families of 62 families) were 
represented by fewer than 10 captures and eight families were represented by just 
one individual. 
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3.5.2 Spatial Variation 
Variation in community composition among the different sampling sites was 
examined through various basic scientific metrics such as relative abundance, 
richness, diversity, cluster analysis and PCA. The studied sampling sites varied 
considerably in their macroinvertebrate community compositions. Data revealed 
Agriculture site1 had the highest family richness, while Undisturbed site1 had the 
highest number of individuals, while Undisturbed site2 had the highest diversity 
(Shannon-Weiner). Similarly, family richness and diversity remained low at the 
Settlement site and Agriculture site2. A closer examination of the taxa contributing 
to between-site differences in community composition through the multivariate 
analysis (PCA) confirmed that community composition varied among the different 
stream types.  
Some of the stream physicochemical characteristics may have contributed to these 
differences. For example, data indicated physicochemical variable such as DO was 
positively correlated with the mean values of taxa richness and total individuals. This 
could mean that higher DO values were associated with a richer and abundant 
macroinvertebrate assemblage as evident in this study, where interaction with DO 
was significantly correlated to total individuals and family counts.  
Low observation of richness and diversity at the Settlement site and Agriculture site 
2 could mean the human interference in the stream systems as these two streams are 
subject to various environmental pressures through intensive local agricultural 
practices and increasing human interference that release direct discharge of both 
organic and inorganic wastes into the stream systems. This in turn, may have caused 
higher mortality to highly sensitive macroinvertebrate taxon. Another explanation for 
this decline in taxa richness and diversity at the sites may indicate the inability of 
populations of sensitive taxa to recover from the mortality caused by intense 
disturbance such as seasonal monsoon rains in the region. During the monsoon 
period, there is direct washout of chemical fertilizers from the agricultural terraces 
that drain into stream systems, thus influence the macroinvertebrate composition 
(Brewin et al., 2000).  In contrast, Agriculture site 1 had the highest family richness 
(41 families), indicating some marked variations, even within the streams subjected 
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to same disturbance type (e.g. agricultural practices). The possible explanation to this 
variation between two agriculture sites may have attributed to the nature of farming 
practices and their proximity.   
Wilhm & Dorris (1966), mentioned that diversity values less than 1.0 indicate 
heavily polluted, values between 1.0 and 3.0 indicate moderate pollution, and values 
above 3.0 indicate non-polluted water bodies.  Stiling (1996), also claimed that the 
diversity index values for ideal community structures fall between 1.0 to 6.0. This 
could mean the diversity index in all the sampling sites in the streams of southwest 
Bhutan were relatively low since none of the site had a H value higher than 3. 
However, site-wise comparison of Shannon-Weiner diversity index indicated that 
Undisturbed sites 1 and 2 had higher values that were distributed evenly throughout 
the seasons as compared to other sites. This may be attributed to the overriding 
significance of stream characteristics compared to water quality. For example, 
Undisturbed site 1 & 2 were relatively undisturbed sections of stream in terms of its 
instream environment. These sites were selected based on minimum anthropogenic 
impacts and the stream sourced from higher elevations flowing through forested 
areas. Moreover, the two sites were selected from the sections of same perennial 
stream as expected to have a similar diversity and richness patterns. This may have 
accounted for the higher diversity index values and mean family richness at the two 
Undisturbed sampling sites. Additionally, high diversity was also observed at the 
land erosion site despite the site being affected by the natural drifting sedimentation 
during wet season. However, seasonal pattern of diversity at this site revealed that 
diversity index greater than 2 were recorded during stream low flows. This could 
interpret the rapid sedimentation deposits during wet season (monsoon season) may 
influence the taxa richness and diversity.  
Overall, in this study it seems likely that human induced activities influenced stream 
conditions. For example, land use activities such as agricultural practices and local 
human settlement may influence the quantity of nutrients runoff that enters streams 
during the rains. Therefore, different levels of disturbance have different effects on 
the stream systems and water quality.   
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3.5.3 Seasonal variation  
Data revealed that macroinvertebrate community composition varied considerably 
across the months indicating a marked seasonal variation in the community structure. 
Seasonal variation was apparent at all sites. Presence and absence data indicated 
there were significant variations in the distribution of taxa between dry and wet 
periods. Higher values of macroinvertebrate abundance would be expected in the dry 
season, due to greater physical stability of stream habitats at this time of the sampling 
period. Relative abundance data and PCA analysis in community composition 
highlighted the strong seasonal pattern (i.e. higher number of dominant taxa in dry 
season). These variations may have attributed to monsoonal season characterised by 
the high stream flow that associated with decline in taxa abundance, richness and 
diversity. In other words, macroinvertebrate composition (e.g. abundance, richness 
and diversity) were higher during low steam flows and significantly declined during 
high stream flows. The trends of decline in taxa richness were more apparent at 
Agriculture site 1 & 2 and Settlement site. For example, only 2 taxa represented in 
May at Agriculture site 2 and Settlement site, 3 taxa in August at Agriculture site 1 
and no taxon recorded in September at Settlement site. Consequently, low 
abundance, richness and diversity during wet season may reflect the pressure exerted 
by the monsoonal stream high flow under different disturbance types in the study 
region. Study has shown that stream hydrological changes during rainy season, such 
as stream high flow events, promote shifts in community composition (Kennen et al., 
2010). The present finding is also consistent with other studies undertaken within the 
HKH region. For example, in Nepal, Brewin et al., (2000), reported that 
macroinvertebrate taxa richness and density varied considerably between seasons, 
with the highest values being observed during the winter season (dry season), falling 
moderately by the pre-monsoon period (wet season). Their study also found that 
strong seasonal variation was mostly confined to low lying streams of altitudes 
between 600m to 800m, where monsoon rainfall was maximum and predominant 
factor and the study catchment areas were dominated by agricultural terraces. In 
India, Joshi et al., (2007) observed the seasonal variation that reported 
macroinvertebrate density was at a maximum during winter months with 
ephemeropterans as the most abundant group. Seasonal precipitation has also been 
suggested for many years as an important factor (e.g. Masteller & Buzby, 1993) that 
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influences the composition and temporal abundance of macroinvertebrates. Most 
recently, a study undertaken by Negi & Mamgain, (2013) in a tributary of Yamuna 
River in Garhwal Himalaya, India, reported that maximum diversity of 
macroinvertebrates was found during the winter season and this seasonal variation 
was found to be correlated with various physicochemical parameters.  
Furthermore, when closer examination of between site and between-month 
differences in community composition were assessed through PCA analysis, of the 
total 62 families (including 4 sub-families) being caught during the entire sampling 
periods, mostly three trichopteran families (e.g. Hydropsychidae, Philopotamidae 
and Stenopsychidae), four ephemeropteran families (e.g. Baetidae, Heptageniidae, 
Ephemereliidae and Leptophlebiidae), and a single family each from coleopteran 
(e.g. Psephenoidinae) dipteran (e.g. Simuliidae) and plecopteran (e.g. Perlidae) 
groups represented the families that were contributing most to these differences in 
community composition in the monsoonal streams of southwest Bhutan. However, 
contributing role of these families depended on the level of disturbances types, 
indicating the preferences of stream types. For example, Hydropsychidae represented 
most of the time in the streams influenced by agricultural practices and settlement 
impact. On the other hand, Philopotamidae, Heptageniidae, Perlidae and 
Stenopsychidae were the most representative families at the two Undisturbed sites in 
this study. This indicates some evidence that macroinvertebrate community 
composition varied across the seasons at different time of the year under different 
stream types in southwest Bhutan.            
Therefore, seasonal changes in both perennial and intermittent streams are thought to 
follow a seasonal succession pattern of macroinvertebrate community composition. 
For instance, changes in stream flow (water level), even in streams that maintain a 
year round flow, can lead to changes in physicochemical variables that in turn affect 
the taxonomic composition and biotic interactions of the macroinvertebrate 
community (Hart et al., 1996). On the other hand, floods or stream high flows during 
monsoonal season are known to influence macroinvertebrate community 
composition (abundance, taxonomic composition and taxon richness) in the stream 
systems (Suren & Joweet, 2006). 
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3.5.4 Abundance pattern and size-frequency distribution  
The macroinvertebrate abundance data and size-frequency distribution has captured 
some information on the dynamics of the populations in the period after the seasonal 
monsoon impacted the stream systems. It is important to note that, because each 
OTU represented a family level classification, they may have contained more than 
one species. These species may have varied in size, and in the timing of their 
recruitment activities. Therefore the level of classification level used in this study 
will have contributed to some of the variation in abundance and size frequency 
distribution. Nevertheless the size frequency and abundance data still provide some 
insights into the processes that might be influencing macroinvertebrate abundance in 
these streams.  
The ten common taxa that were examined displayed an obvious seasonality in 
abundance patterns across the study period. Temporal differences were observed 
between the dry season and the wet monsoon season. In general, the result suggests 
all investigated families showed low abundance pattern immediately after the 
monsoon, higher abundance during the dry season, and finally some decline in the 
months leading up to the monsoon. This rapid recovery of macroinvertebrate 
populations after the wet monsoonal disturbance may be partly explained by the low 
stream flows during dry season which provide stable and favourable conditions for 
the macroinvertebrates recruitment process in the streams of subtropical monsoonal 
environments. This observation was consistent with several other studies (e.g. 
Paetzold & Tockner, 2005; Suhaila et al., 2012) that suggest the dry season merely 
provides a stable environmental condition for the aquatic macroinvertebrates to 
emerge, mate and oviposit when there are no disturbance factors. On the other hand, 
obvious low abundance pattern observed immediately following the wet monsoon 
season could mean that monsoon plays a key role in structuring the 
macroinvertebrates community compositions in the streams of monsoonal 
environment. Thus, the overall direct effects of monsoonal disturbance are known to 
include an initial reduction in macroinvertebrate abundance that ultimately 
influenced taxa abundance, richness and diversity. Shivoga (2001) also found a 
similar pattern in two tropical streams in Kenya, where macroinvertebrate abundance 
was highest at the onset of the rains and declined progressively as rainfall increased. 
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Other authors have also mentioned seasonal precipitation as an important factor that 
influences the temporal abundance of macroinvertebrates in the streams of both 
tropical and subtropical regions (Masteller & Buzby, 1993; Suhaila et al., 2012).  
However, the abundance data suggested no long lasting impacts of monsoon on the 
taxon recruitment or recovery process as demonstrated by the fact that higher 
abundance patterns were achieved during dry season. This finding was consistent 
with the finding of Brewin et al., (2000) in Nepal that reported highly seasonal 
intense monsoon rains did not appear to constitute a major disturbance as 
macroinvertebrate abundance was already low prior to the commencement of rains 
and recolonization was rapid after the wet season. Thus, monsoonal disturbance that 
induced loss/or mortality of macroinvertebrate populations seemed to be a short-term 
impact and taxa recovery or recolonization tended to be rapid after the disturbance. 
Success in quick recovery or recolonization after the disturbance may be attributed to 
the prevalence of different life-history strategies or behavioural traits such as 
voltinism or eggs and larvae undergoing long diapause during harsh environmental 
conditions. For example, study indicated life-history characteristics of 
macroinvertebrates provide different solutions to particular ecological problems that 
indicate a connection between species behavioural traits and environmental 
conditions (Siepel et al., 2008). Thus, life cycle characteristics provide the potential 
to maintain a viable population, even though one cohort may be destroyed or 
severely affected by the harsh environmental conditions.  
Another important aspect of stream macroinvertebrate taxa recovery after 
catastrophic events is said to be through the pathways of recolonization (Gray, & 
Fisher, 1981). According to Williams & Hynes (1976), there are four important 
pathways of taxa recolonization. These pathways include aerial movement, 
downstream drift, upstream movement and vertical movements from deep substrates. 
For example, in perennial streams, downstream drift is the most important pathway, 
while in intermittent streams, aerial and vertical movements from deep substrates are 
said to be the two main pathways of recolonization (Williams & Hynes, 1976). In the 
streams of monsoonal environment, most macroinvertebrate taxa recolonizing after 
flood events are found to be through the aerial pathways. Gray & Fisher (1981) 
reported that after frequent winter flooding, most aerial colonists were evident by 
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adult taxa of Coleoptera and Hemiptera, whereas ovipositing adults of 
Ephemeroptera and Diptera dominated the macroinvertebrate community after 
summer flooding. However, an upstream movement of macroinvertebrate was found 
to be greater during high discharge as compared during low discharge periods in their 
study. In the context of vertical movement, the most current study by Corbin et al., 
(2015) reported that most aquatic insects living in the sediment were found in the top 
5cm depth with only a few individuals found to occur at deeper sediments. While, 
other study in the past decades described that a few taxa and individuals were found 
to occur in sediments more than 10cm deep (Gray, & Fisher, 1981), seeking refuge 
during the time of environmental disturbances. However, the ability to recover after 
the disturbance events depends on several other factors that include: (i) life-history 
characteristics of organisms, (ii) disturbance nature, (iii) disturbance timing and (iv) 
presence of survivors within disturbed sites (Wallace, 1990; Mackay, 1992). For 
example, taxa that survive after disturbances can recolonize rapidly depending on the 
timing of disturbance relative to their life cycle stage (Whiles & Wallace, 1995). 
Subsequent changes in taxa recovery may result from further recolonization and 
biotic interaction depending on disturbance nature (Fisher, 1983).   
Therefore, together with size-frequency distribution data, life-history 
characteristics/or strategies of these common families may further explain the 
recruitment process or recovery pathways of macroinvertebrates after the monsoonal 
disturbance.    
Although, the abundance data indicated a rapid recovery of macroinvertebrates 
during the dry season, the presence of a few smaller size-classes taxa in each 
sampling month indicates that there may be a continuous recruitment process all year 
round for most of the investigated families. For example, some of the key families 
with larger-sized individuals (e.g. Perlidae and Stenopsychidae) that were sampled 
immediately after the monsoon could indicate they are well adapted to monsoonal 
disturbance, thereby indicating a continuous recruitment, development and adult 
emergence independent of high stream flow events. Therefore, this suggests that 
macroinvertebrate populations recruit, grow and reproduce continuously across the 
seasons despite seasonal variation influenced by the monsoon. According to Wolda 
& Flowers (1985), the absence of cold season in the tropical regions allows many of 
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the macroinvertebrate species to persist all year round, although a seasonal wet and 
dry period imposes its own constraints. Although, periodical disturbance of monsoon 
may influence the family richness, diversity and abundance patterns, in this study, it 
seems likely that adaptive life-history strategies or life cycle characteristics of taxa 
had overcome the harsh monsoonal environmental conditions. Studies have indicated 
macroinvertebrate populations in flood-prone stream systems can recover rapidly 
after the flood events (Gray & Fisher, 1981). Their ability to recolonize rapidly from 
previously denuded substrates mainly attributed to taxa exhibiting great variety of 
life-history characteristics (e.g. voltinism, diapause etc.) that all improve survival 
through the harsh environmental conditions (Gray, 1981; Gray & Ward, 1982).  
Therefore, the overall presence of samples in a wide range of size classes may be key 
characteristics of these taxa that contributed to the resistance and resilience of 
macroinvertebrate populations in the streams of monsoonal environment. Here, 
„resistance‟ is considered as the ability to withstand perturbations such as periodical 
monsoonal disturbance. On the other hand, „resilience‟ is the capacity to recover 
following periodical disturbance. A study has also indicated that resistance and 
resilience of total macroinvertebrate density was greater in streams influenced by 
floods, however, resilience of taxa richness did not show any difference between 
disturbance types (Fritz & Dodds, 2004). In this context, adaptive life cycle strategies 
and attributes that include different types of voltinism (e.g. univoltine, bivoltine or 
multivoltine), and eggs or larvae undergoing long diapause seemed to be typical for 
most of these families, and allows them to survive during the harsh environmental 
conditions and recolonise rapidly after the disturbance. This trend was apparent for 
most of the investigated families in this study. For example, based on the presence of 
both smaller and larger size classes across the season, the family Baetidae seems to 
be exhibiting multivoltine (multiple generations) pattern of life cycle that overlaps 
different cohort groups in a year. This observation was in agreement with several 
other studies (e.g. López-Rodríguez et al., 2008; Flowers et al., 2009; Lee et al., 
2013) that suggest species of Baetidae typically undergo at least 2-4 generations of 
life cycles per year. In the most recent study conducted by Lee et al., (2013) in Korea 
reported that one of the species of Baetidae, Cloeon dipterum (L.) the common 
wetland species of Baetidae, shows a multivoltine life cycle with four cohorts in a 
year that emerges and oviposits every season, except winter. Their study further 
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confirmed that the studied species has overlapping generations throughout their study 
periods. A similar finding was reported by Flowers et al., (2009), where their study 
conducted in a small tropical stream on the Caribbean slope of Costa Rica suggesting 
species of Baetidae possess a multivoltine life cycle and multivoltinism of Baetidae 
species conforms to a general pattern of multivoltinism for aquatic insects in tropical 
streams.  
However, there may be several other factors (e.g. temperature) that need to be 
considered in relation to life-history pattern of voltinism. For example, studies have 
suggested that multivoltine life cycles of macroinvertebrate communities was mainly 
induced by the high mean annual temperature in the streams of tropical and 
subtropical regions (Jacobi & Benke, 1991; Flowers et al., 2009; Li. & Liu, 2009).  
Another possible potential source of macroinvertebrate recovery after the monsoonal 
disturbance could be from the several smaller upstream tributaries seasonally formed 
during the monsoon that connects to the main stream. This provides an avenue, 
where recovery process would be enhanced rapidly via downstream drift. This 
argument was supported by the presence of macroinvertebrates in smaller upstream 
tributaries that was confirmed through observation during the peak monsoon, 
although no systematic data collection was initiated in this study. However, 
downstream drift is most commonly considered as the primary source of 
macroinvertebrates for occupying new or denuded habitats in most tropical stream 
systems (Ramirez & Pringle, 2001). For example, Molineri (2008) indicated that, the 
persistence of macroinvertebrates in smaller upstream tributaries and subsequent 
rapid downstream drift and aerial recolonization by adults are some of the important 
strategies that could ensure its resilience and recovery in the stream systems after the 
physical disturbances.     
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3.6 Conclusion 
Although emergent adults provide the best evidence for maturation of population, the 
adult captures were not possible because of the improvised traps were knocked down 
by the wild animals in the regions that made the targeted adults sampling impossible 
during the preliminary study. Therefore, this study focused entirely on collecting the 
larval stages of macroinvertebrates.  
The present study revealed that macroinvertebrate community compositions at all the 
sites in the subtropical streams of southwest Bhutan varied both spatially and 
seasonally among the streams sampled under different levels and types of 
disturbance. These spatio-temporal variations were undoubtedly influenced by the 
number of physical, chemical and seasonal factors (e.g. monsoonal high flow) that 
places an emphasis for deeper understanding of macroinvertebrate community 
structures in the region. Data on seasonal trends of macroinvertebrate community 
composition discussed in this chapter revealed higher relative abundance, richness 
and diversity during dry season (low stream flows) and decline during wet season 
(high stream flows), indicating streams of monsoonal environments are subjected to 
changes in the macroinvertebrate community compositions and structures.  
Alternatively, decline in macroinvertebrate density, relative abundance and richness 
prior to the monsoonal high flows, and followed by rapid recolonization (or recovery 
abilities) might indicate evolutionary life-history strategies of these groups of 
organisms that are associated with predictable periods of high stream flow.  
Further assessment of recruiting pathways or recovery abilities of these groups of 
aquatic insects following the high monsoonal stream flow regimes is of paramount 
importance to extract research based information for the water quality assessment in 
the region. More importantly, several biotic indices, which are a measure of 
community structure, may vary in response to changes in stream high flow, 
specifically in the streams of monsoonal environments, with highly variable flow 
regimes. Therefore, in the interests of gaining deeper insights on macroinvertebrate 
recovery abilities in the streams subjected to monsoonal disturbance, assessment 
based on abundance patterns and body size-frequency distribution revealed that 
seasonal influence (e.g. stream high flows induced by the monsoon rains) is an 
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important factor that shapes the abundance patterns of macroinvertebrate 
communities in the streams of subtropical monsoonal environment. For example, 
analysis on the seasonal variability of macroinvertebrate abundance patterns 
confirmed a significant difference between wet season (high flows) and dry seasons 
(low flows), whereby its data indicated a great decline in taxa abundances during the 
wet season. Thus, the trends of these key taxa during the dry season were 
characterized by higher abundances, indicating their preferences of low stream flows 
during dry season for their recovery and recruitment process after the monsoonal 
disturbance. Therefore, the dry season provided the most comprehensive 
representation of macroinvertebrate diversity and therefore this is the best time for 
macroinvertebrate sampling for bioassessment progam in this part of Bhutan.  
Furthermore, size-frequency distributions data also provided an indication of 
continuous recruitment and emergence of macroinvertebrates all year round, 
indicating various life-history strategies and behavioural traits of macroinvertebrates 
help to survive during the harsh environmental conditions and recolonise to reset the 
populations after the disturbance.  
Nonetheless, the biological index of water quality assessment will depend on the 
abundance of macroinvertebrates. If the abundance of these key families changes 
with the seasons then this will affect the water quality assessment index. Therefore, 
the following chapter will discuss the validity and robustness of the score-based 
HKH derived river quality assessment biotic index in relation to this seasonal 
variation in species richness and abundance pattern. 
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Chapter 4:  The performance of the score-based HKH biotic score 
(HKHbios) 
4.1 Introduction 
Score-based macroinvertebrate biotic indices are now widely adapted and used for 
river quality assessment in most of the developed countries. Some of these popularly 
used indices include Biological Monitoring Working Party (BMWP) and Average 
Score Per Taxa (ASPT) in the UK (Paisley et al., 2014), Hilsenhoff Family Biotic 
Index (HFBI) in North America (Hilsenhoff et al., 1988), South African Scoring 
System (SASS) in Africa (Chutter, 1972; Dickens & Graham, 2002) and Stream 
Invertebrate Grade Number Average Level (SIGNAL 2) in Australia (Chessman, 
2003). Although, the concept has been adapted for use in many Asian countries, it is 
not well established in the Hindu Kush-Himalayan (HKH) region, and is still in the 
early stages of application in that area (Shrestha et al., 2009; Korte et al., 2010). In 
the past, water quality assessment systems in this part of Asia were mainly based on 
chemical and physical data. However, biomonitoring of stream and river water 
quality recently has received more attention in the region (Ofenböck et al., 2010). In 
the 1990s, the Nepalese Biotic Score (NEPBIOS) was first developed based on an 
adaptation of the BMWP and ASPT, as a first region-based method for stream and 
river quality assessment in Nepal (Sharma & Moog, 1996; Hoang, 2009). Since then, 
several modifications and applications of the NEPBIOS (e.g. Pradhan, 1998; Khanal 
& Moog, 2003; Sharma & Moog, 2005) are in place. For example, Nesemann (2006) 
developed a critically revised biotic score with 486 taxa relevant to the Ganga River 
system (GRSbios). 
More recently, a new score-based biological assessment method (referred to as 
HKHBIOSCORE/or HKHbios) was developed for use specifically in the HKH 
region, which is applicable in the wider geographical range of five countries that 
include Bangladesh, Bhutan, India, Nepal and Pakistan (Shrestha et al., 2009; 
Hartmann et al., 2010; Ofenböck et al., 2010). This method is claimed to be 
applicable to a variety of stream types in the HKH region. The HKHbios is the 
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adaptation and expansion of the score-based biotic method for Nepalese rivers 
(NEPBIOS) (Sharma & Moog, 1996). Within the HKHbios assessment system, 
macroinvertebrate taxa are ranked using a ten point scoring system, where the scores 
indicate the sensitivity of taxa to organic and chemical pollutants. The scores also 
reflect the taxa‟s sensitivity to stream hydromorphological changes (Hoang, 2009). 
The method involves mostly family level identification, and tolerance values are 
assigned to indicator taxa. Thus, tolerance values of the taxa range from 1 to 10; taxa 
with higher scores indicating high sensitivity to stressors and taxa with low scores 
indicating high tolerance to stressors. The HKH index also uses a weighting factor 
for each macroinvertebrate taxon. For example, a weighting value of 3 was assigned 
to strong indicator taxa and a weight of 5 to very strong indicator taxa. These 
weightings are incorporated into the HKHbios calculations. Finally, the HKHbios 
index is calculated by averaging the tolerance and weighting values of the taxa 
present in the sample. Once the HKHbios is derived for a given sampling site, this 
value can be transformed to River Quality Class (RQC) along with its corresponding 
descriptive expression as part of HKH protocol as presented in Table 4.1 (Hoang, 
2009; Ofenböck et al., 2010).  
 
Table 4.1 The HKH biotic scores and its corresponding River Quality Class and 
descriptive value expressed. 
HKH-biotic scores River Quality Class Description 
> 7.60 I Reference 
7.6–6.3 II Good 
6.2–4.6 III Moderate 
4.5–2.3 IV Poor 
< 2.3 V Bad 
Source: Adapted from Feld et al., (2010). 
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Although, Bhutan has been involved as a partner country in developing the region 
based river quality assessment systems (i.e. HKHbios), biomonitoring of water 
quality assessment in the country has not received a large amount of attention, thus 
scientific based publications on biomonitoring programs are scarce. As a partner 
country towards the development of the region based HKH biotic score, a study was 
conducted in three catchments located at elevations above 2000m, particularly in the 
region of the Bhutanese capital city Thimphu, and its two neighbouring districts of 
Paro and Haa. Sampling was performed during the pre-monsoon season along the 
three river stretches of Thimphu Chhu (acronym: Chhu - river), Paa Chhu and Haa 
Chhu with a total of 21 sites.  All three rivers flow from snow-fed sources, flowing 
from north to south through steep gradients and narrow steep-sided valleys that 
finally join in Brahmaputra River in India. The samples from this study represented 
all five RQC. The river stressing factors included organic loading, waste dumping 
and extraction of water. On the whole, their study in Bhutan concluded 57% of the 
total sample sites belong to RQC I and II, interpreting the water quality status of 
investigated river system as „good‟. However, as the river flowed through the 
Bhutanese capital city (Thimphu) area, the water quality deteriorated (ICIMOD, 
2005). 
Although this extensive study was conducted in one region of Bhutan (Thimphu and 
neighbouring areas), there are few studies in other parts of Bhutan. The Samtse 
region in southwest Bhutan is one of these areas where biological-based water 
quality assessment has not been previously carried out even though this part of 
Bhutan encompasses many significant rivers and streams that flow down to the 
Indian plains.  
Given that the HKHbios is claimed to be applicable to a variety of stream types in a 
wider geographical range of five Asian countries (Shrestha et al., 2009; Hartmann et 
al., 2010; Ofenböck et al., 2010), one of the general goals of this chapter was to 
determine how the index applied to the streams of southwest Bhutan (within HKH 
region). The extrapolation of a water quality index developed in one region to 
another may require an adaptation that takes into account variation in climate, season 
and stream or river topology, and other environmental differences among regions 
(Silveira et al, 2005), since they are the driving factors that influence the 
macroinvertebrate community structure, thus potential of affecting the water quality 
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indices. One key element is variation related to time of year, and especially in 
relation to time prior to, or time since monsoon. Generally, the HKH field 
protocol/manual recommends the macroinvertebrate sample collection during the 
low stream flows of pre-monsoon (February to May) and post-monsoon (October to 
January) months (Moog, 2006). This encompasses most of the period sampled in the 
current study, and significant variation in macroinvertebrate assemblages occurred 
over these months.  
Previous studies in different parts of the world have indicated that the relative 
seasonality of macroinvertebrates in streams with varying degrees of impairment can 
affect water quality bioassessment indices (Leunda et al., 2009; Johnson et al., 
2012). In addition, seasonal variation may prevent comparisons of samples taken at 
different times that may reduce the validity of interpretation of results. For example, 
samples collected from one season may provide contradictory information to samples 
collected in another season due to various environmental conditions that induce 
seasonal variation in community composition (Linke et al., 1999). Hence, seasonal 
variation of macroinvertebrates may be a major confounding factor affecting 
macroinvertebrate bioassessment (Álvarez-Cabria et al., 2010). Therefore, all these 
variations may ultimately influence the applicability of specific water quality indices. 
The ideal water quality index might be expected to provide a similar water quality 
score for the same water body that is largely independent of seasonal variation 
observed in the assemblage of macroinvertebrates.  
The simplification of macroinvertebrate field sampling methodology is a common 
aspect of biotic assessment approaches. Simplification of methods is recurrently 
debated among researchers who are aiming to reduce the sampling efforts using the 
fastest and most cost-effective techniques, without compromising the water quality 
assessment indices or metric indicators (Marini et al., 2013). So far, the cost-
effectiveness has been achieved by limiting the number of samples or restricting the 
number of animals collected (e.g. fixed-count) (Metzeling & Miller, 2001), and using 
a higher taxonomic resolution (e.g. family level identification) (Dauvin et al., 2003). 
Other studies have indicated that some aspects of sampling effort such as sample 
size, are not critically important, since the water quality index calculation can be 
based on a defined number of organisms taken at random from the sample collected 
(Chutter, 1972; Hilsenhoff, 1977). For example, in the USA, a study by Hilsenhoff 
 Chapter 4: The performance of the score-based HKH biotic score (HKHbios) 147 
(1977), reported that a sample of 100 arthropods was enough to assess water quality 
with a biotic index. Similarly, Kaesler & Herricks (1976) also concluded that a 
sample size of 100 animals was sufficient to assess the stream water quality when 
using basic metrics such as diversity indices. In Australia, Metzeling & Miller, 
(2001), who performed their sampling in three Australian States (Queensland, 
Victoria and Western Australia), found no statistically significant differences 
between the SIGNAL scores for the different sample sizes of 3, 5, 10 and 20m for 
riffles, edges and macrophytes and 5, 10, 20 and 30 for pooled rocks with the aimed 
target of about 200 animals for each sample.  
In contrast, other studies (e.g. Hawkes, 1997; Petkovska & Urbanic, 2010) have 
indicated that water quality indices are largely influenced by the number of taxa 
present in the sample, sample size, field sampling effort and sample processing 
efficacy. Their finding was similar to a study conducted by Vlek et al., (2006) in the 
Netherlands that reported variability of metrics decreased with increasing sample 
size, and that the accuracy of the index varied depending on the habitat and the 
metrics used. This finding reflects the reliance of sample size on the specific habitats 
of the stream, and the applicability of metrics used for bioassessment programs. 
Furthermore, Hughes et al., (2010) stated in a review that reliance on information 
from 100 organisms (small sample size) would lead to erroneous judgement for 
interpreting the ecological status of the stream condition. However, they suggested 
that gaining information from 200 or 300 organism subsamples (as sample size 
increases) would reduce the chance of error in interpreting the water quality relative 
to ecological condition of stream system. Schneck & Melo (2010) have also 
discussed the issue of sample size, reporting that sample size is still one of the 
unresolved methodological issues in the streams of tropical region, because studies in 
tropical streams are relatively few and limited.  
Given that different views are expressed by different researchers, the level of 
sampling effort in macroinvertebrate sample collection may be one of the most 
important factors that affect water quality indices and indicator metrics derived in 
bioassessment programs. However, the biological indices or indicator metrics are a 
key way of assessing water quality in different water bodies, but to be successful 
they also have to be robust enough to cope with user variations (i.e. different 
techniques involved in field sampling). For example, different assessors using a 
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particular method or technique should get the same water quality score in the same 
location, independent of their general sampling ability. In this regard, whether one or 
more sampling techniques performed by different assessors and sorted in a particular 
way adequately represent the macroinvertebrate community in terms of stream 
quality assessment, will depend on the reliability and applicability of water quality 
indices used.  
The standard ASSESS-HKH sampling protocol requires that 20 sampling units be 
taken from all representative habitat types at a sampling site, and that these samples 
are sorted exhaustively to identify to family level all organisms present (Hartmann et 
al., 2010). Twenty samples sorted exhaustively require a large amount of effort, and 
might not provide a rapid and cost-effective method for assessing water quality. It 
would be useful therefore, to examine other approaches that might require less effort. 
This chapter evaluates the performances of the HKHbios index under a range of 
scenarios. Firstly, given that the macroinvertebrate community in the streams of 
southwest Bhutan varied significantly between the different months of the study, and 
between the different streams, then how did the derived HKH score vary between 
streams and between months. Secondly, a different sampling approach could provide 
a more cost effective method of applying the HKH index. Fixed-effort sampling 
might produce similar results to exhaustive sampling, or smaller sample sizes may 
also produce similar results to larger sample sizes. Consequently, the specific chapter 
aims are to evaluate (i) the HKH-based water quality status of the streams sampled 
under different level of disturbance types, (ii) how the score-based HKH index 
behaved over different times of the year, given that there was significant variation in 
macroinvertebrate community composition (e.g. taxonomic richness, diversity and 
abundance pattern) between sites and across months (as observed in Chapter 3 of this 
thesis), and (iii)  how the HKHbios index compared when it was derived from 
different sampling approaches (exhaustive versus fixed-effort sampling), and 
sampling effort (number of samples). (iv) Variation between users was also assessed 
for fixed-effort sampling. These questions were examined using the 10 months of 
standard sampling (reported in Chapter 3), plus a series of fixed-effort samples taken 
in October 2013. 
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4.2 Methods and materials 
Field sampling methods followed the ASSESS-HKH multi-habitat approach (Moog, 
2006). Macroinvertebrate samples were collected at six sampling sites in five 
different streams on a monthly basis for the period of 10 months (August-2013 to 
May-2014) (as described in Chapter 3). Five replicate samples were taken at each 
site of each stream segment. The sample size was lower than the HKH field sampling 
protocol, which recommends 20 sample units to represent all habitat types at the site, 
except in cases of heavily deteriorated rivers with a poor fauna where fewer than 10 
samples can be taken (Moog, 2006). In this study however, the decision to take only 
five samples per site was based on a compromise between sampling a reasonable 
range of impacts (= sites), and gaining adequate replication within that site. Care was 
also taken to ensure all habitat types were represented in these five samples. 
Furthermore, the issues of the effect of sampling effort and sample size on the 
variability of HKH based water quality index could still be addressed using these 
data (see below).  
Samples were collected with a standard triangular framed dip net (25 cm × 25 cm) 
and 0.5 mm mesh size, and sample collection followed HKH sampling protocols. 
Macroinvertebrates were preserved in 70to 95% ethanol. Specimens were identified 
down to family level using the available HKH keys for identification (see Chapter 3 
for detailed sampling methods and laboratory sorting and identification).   
The score-based HKH biotic assessment system was used to ascertain the water 
quality status of investigated streams. The taxa tolerance/or sensitivity score values 
and a weight for each taxon were derived from the HKHbios scoring taxa list (Table 
4.2) based on ecoregions specific for mountain and lowland taxa (Ofenböck et al., 
2010). In this study, index calculations were based on scores allocated for mountain 
taxa since the study area (Bhutan) falls within the HKH ecoregion specific to 
Himalayan Subtropical Pine Forests (Lowland HKH taxa scores were allotted 
specifically for Lower Gangetic Plains Moist Deciduous Forests).  
The calculations of community biotic score of the studied streams were carried out in 
accordance with ASSESS-HKH methodical guidelines and employing the HKH Eco-
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data management Tool (ECODAT) assessment software. The ECODAT is a 
statistical analysis software incorporating a taxa database developed for processing 
scientific-based evaluations of the quality of rivers and streams in the HKH region. 
The software was designed to facilitate the following four modules, viz. (i) HKHdip 
(data input program) for site protocol and taxa data entry and storage, (ii) 
HKHscreening (screening field assessment) for river quality class, (iii) HKHbios 
(biotic score) for generation of a HKH specific biotic score and (iv) HKHindex 
(multi-metric index) for estimation of a variety of metrics and a HKH based multi-
metric index (Shrestha et al., 2009; Ofenböck et al., 2010). All data entries were 
treated automatically by the ECODAT management tool which generated all 
necessary calculations; the HKHscreening, HKHbios and the HKHindex. For 
example, for the calculation of HKHbios for a stream sampled via the ECODAT 
management tool (i.e. HKHbios software), one only has to enter the data (i.e. taxa list 
of a given sampling site) into the HKHbios program, and then the program will 
automatically generate the values of the HKH biotic score (HKHbios) and its 
corresponding value of water quality class (Hartmann et al., 2007).     
In this study, scores and weightings were available for only 53 of the 62 families 
captured. Therefore, a small number of taxa had to be omitted from the samples for 
water quality index calculation by the fact that taxa score values were not assigned 
(see Table 4.2 for scores, weights and taxa without scores and weights). According to 
ASSESS-HKH protocol, taxa that showed no distinct preferences were not given any 
scores. For example, during the development of taxon weighting system to assign 
scores, only taxa that indicated a clear preference for very good conditions (i.e. score 
8-10) or for very bad conditions (i.e. score 1) were considered (Ofenböck et al., 
2010). Therefore, the results described in this chapter are based on the available taxa 
scores and weightings assigned within the HKH-ECODAT processing software. 
To investigate the influence of different levels of sampling effort on the resultant 
HKHbios for water quality assessment, macroinvertebrate samples were collected 
from a relatively undisturbed section of stream. In this study, sampling effort is 
expressed through sample size (i.e. number of samples). Two standardized sampling 
approaches were applied for sampling the same section of stream. These were; (i) a 
one-time fixed-count sampling approach and, (ii) an exhaustive sampling approach. 
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The former sampling approach was performed in groups by the first time samplers 
made up of final year B.Ed. degree science students of Samste College of Education, 
Royal University of Bhutan (RUB), while the latter approach was performed by the 
key researcher Kinzang Dorji (KD). 
 
4.2.1 Method 1 – Fixed-count sampling 
In order to accomplish this task, students were divided into 16 groups of 2-3 people. 
Group sampling took place in one day, October 19, 2013, at Diana stream in the sub-
tropical region in the southwest of Bhutan. Sampling covered the same stretch of 
stream sampled in the monthly sampling at Undisturbed sites 1 and 2. Sampling was 
co-ordinated among groups to avoid sampling the same location twice. A total of 100 
macroinvertebrates were collected by each group in the following way. Each group 
was assigned to take one standard streambed sample for the first 50 animals and 
another one for the next 50 animals at the sampling location. Whenever samples did 
not achieve the targeted number of 50 animals, additional samples were taken until 
the required number of animals was sampled. A sampling unit of 25 cm × 25 cm 
surface area was taken using a kick sampling method with a hand net (25 cm × 25 cm 
frame; 0.5 mm mesh size) (as per method described in Chapter 3).  Samples were 
transferred to a white tray containing two-thirds water for sorting. 
Macroinvertebrates were washed and separated from debris (e.g. leaves, stones, 
wood etc.) and samples taken by each group were sorted in the field in the following 
way: (i) First 50 animals were randomly picked up from the sample with the aid of 
fine forceps and preserved in 70-95 % ethanol and, (ii) second 50 animals were 
randomly picked up from the subsequent sampling, and preserved in the same way in 
another container. Thus, the samples of each group were placed in two separate 
containers, labelled A for first 50 animals and B for next 50 animals, for later 
laboratory identification. 
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4.2.2 Method 2 – Exhaustive sampling 
Exhaustive sampling used the monthly samples taken at the two undisturbed sites. 
Five standard samples (Chapter 3) were taken at each of these sites in each month 
from August 2013 to May 2014. These two sets of samples from the two undisturbed 
sites were combined to provide 10 samples per month. Although these two sets of 
samples (Undisturbed 1 and Undisturbed 2) have been treated as independent sets of 
data in previous chapter 3, they are combined here for the purposes of comparison 
with fixed-count samples. This was deemed a reasonable assumption given that 
fixed-count samples were taken in the general vicinity of these two undisturbed sites 
which are situated approximately 500m apart on the same river system. The two 
closest sampling days to the fixed-count samples (October 19, 2013) were October 
13 and November 10, 2013. 
All samples from both fixed-count and exhaustive sampling were held at 4
o
C, until 
the laboratory sorting and identification began. Details of laboratory sorting, steps 
and procedures involved in family level identification were described in Chapter 3. 
Each group identified the taxa down to family level using available HKH 
identification keys such as the HKH field key for selected Benthic Invertebrates from 
the HKH Region (Hartmann, 2007) and the key to the larval stages of common 
Odonata of Hindu Kush-Himalayan (Nesemann et al., 2011). Animals were sorted 
into type specimens by each group, and identification of type specimens to family 
level was checked by KD to ensure standardisation across all groups. 
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Table 4.2 Tolerance or sensitivity score and a weighted averaging technique 
adapted from HKHbios (Ofenböck et al., (2010) for the total families (i.e. 62 taxa) 
sampled during the study. Taxa without scores indicate no distinct preferences 
(Ofenböck et al., 2010). 
                                           HKH-based score and weight values 
Orders Family Mountain Lowland Weight 
Coleoptera Dytiscidae 5 - 1 
 Elmidae 8 8 1 
 
Eubrianacinae 
(sub-family) 
9 9 1 
 
Eubriinae 
(sub-family) 
8 8 1 
 Gyrinidae 6 7 1 
 Hydrochidae - - - 
 Hydrophilidae 6 - 1 
 
Psepheninae 
(sub-family) 
8 8 1 
 
Psephenoidinae 
(sub-family) 
8 8 1 
 Scirtidae 8 8 1 
Decapoda Astacidae  - - - 
 Atyidae  6 6 1 
 Potamidae  7 7 1 
Diptera Blephariceridae 10 - 1 
 Chironomidae 1 1 3 
 Simuliidae 7 7 1 
 Syrphidae 1 1 5 
 Tabanidae 6 7 1 
 Tipulidae 7 8 1 
Ephemeroptera Baetidae (Baetis) - 9 1 
 Caenidae 7 7 1 
 Ephemerellidae  7 7 1 
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                                           HKH-based score and weight values 
Orders Family Mountain Lowland Weight 
 Ephemeridae (Ephemera) 8 10 1 
 Heptageniidae 7 10 1 
 Isonychiidae 10 10 1 
 Leptohyphidae - - - 
 Leptophlebiidae 7 7 1 
 Neoephemeridae 10 - 5 
 
Prosopistomatidae 
(Prosopistoma) 
10 10 5 
Hemiptera  Belostomatidae 6 6 1 
 Naucoridae 7 7 1 
 Notonectidae 3 3 1 
Lepidoptera Pyralidae 7 7 1 
Odonata Corduliidae 5 5 1 
 Corydalidae 7 7 1 
 
Epiophlebiidae  
(Epiophlebia) 
10 10 5 
 Euphaeidae 9 9 1 
 Gomphidae - - - 
 Libellulidae 6 6 1 
 Platystictidae - - - 
Phyllodocida Phyllodocidae - - - 
Plecoptera Chloroperlidae 9 9 3 
 Nemouridae 9 9 1 
 Perlidae 8 8 1 
 Perlodidae 9 - 1 
Hygrophila Physidae  2 2 1 
Trichoptera Brachycentridae 8 8 1 
 Glossosomatidae 8 8 1 
 Goeridae 9 9 5 
 Hydropsychidae 7 9 1 
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                                           HKH-based score and weight values 
Orders Family Mountain Lowland Weight 
 Hydroptilidae 7 9 1 
 Lepidostomatidae 8 8 5 
 Leptoceridae - - - 
 Limnephilidae 7 - 1 
 Odontoceridae 7 7 1 
 Philopotamidae 7 7 1 
 Polycentropodidae 7 - 1 
 Rhyacophilidae 8 8 1 
 Sericostomatidae - - - 
 
Stenopsychidae  
(Stenopsyche) 
8 8 1 
 Uenoidae 10 10 1 
Tricladida Planariidae - - - 
 
 
 
 
 
 
 
4.3 Data analysis 
The HKH derived Eco-data management Tool (ECODAT) software was employed to 
calculate the biotic scorevalue for each of the six investigated sampling sites.  In 
order to assess the spatio-temporal variability of the biotic score, calculations 
resulted in one value for each site for each of the ten months of sampling (60 HKH 
values). A total value at each site was also obtained based on the total number of 
family level taxa and the abundance across all 10 months (6 HKH values).  
To assess the overall health of the streams at each site, the HKH derived biotic score 
values generated in ECODAT were transformed to WQC on the basis of prescribed 
HKH RQC. Essentially, to determine if HKHbios differed temporally, the monthly 
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score values for each of the sites were obtained and graphs were generated in SPSS 
and MS excel.  
Analysis of variance was also used to determine whether HKH scores varied either 
between months, or between the six sampling sites. Because there was only one 
value for each site in each month, the analysis was a 2-way ANOVA without 
replication, so no interaction effect could be tested. As such, these analyses were 
interpreted with caution. Pearson‟s correlation tests were used to assess any 
relationship between the HKH index and monthly scores over time (i.e. looking for 
any uniform change in HKH index in relation to time since the end of the monsoon). 
Analysis of covariance (site as a factor) was also used to examine relationships 
between the HKH derived biotic indices and physicochemical variables (Chapter 2), 
and between the index and taxa richness (Chapter 3). These analyses assessed the 
impact of each covariate on the HKH score, taking site to site differences into 
consideration.   
The influence of sample size on taxonomic richness was examined based on 16 
fixed-count samples collected by 16 groups, for both the 50 pick and 100 pick 
samples. To achieve a fixed-count of 100 individuals, two replicate samples of 50 
specimens collected by each group were pooled to provide a single 100 individuals 
composite sample.  The same approach was used to examine the effect of sample size 
on taxonomic richness for the 10 exhaustive samples taken at the Undisturbed sites in 
October and November. The relationship between sampling effort and the number of 
taxa sampled was also examined in terms the number of animals sampled (rather than 
sample size) for both the fixed-count and exhaustive methods.  
Similarly, the variability of the HKHbios index was evaluated using the same 
datasets as above, using both the number of samples (1-16 samples for fixed-count; 
1-10 samples for exhaustive count), and the number of animals sampled. If field 
sampling effort has an insignificant influence on estimation of HKHbios index, then 
the HKH scores calculated for each sample (e.g. 1 to 16 samples based on 
cumulative sample number; or 100 to 1600 animals based on cumulative number of 
animals sampled) should not change with increases in sample effort.  The HKH 
scores derived independently from each of the 16 groups 50 pick and 100 pick were 
 Chapter 4: The performance of the score-based HKH biotic score (HKHbios) 157 
also compared to examine the range of values that might be obtained by different 
observers from a simple fixed-count approach.  
Influence of sample size on the resultant HKH index was further assessed based on 
each monthly set of samples taken at the Undisturbed sites during the field sampling 
(i.e. 10 sampling units/month over the period of 10 months on the basis of exhaustive 
sampling approach). This analysis provided information on the month to month 
consistency of the relationship between sample size and the derived HKH index. The 
resultant information will also help to understand the variability of the HKHbois 
index based on 10 samples, as ASSESS-HKH recommended sample size usually 
consists of 20 sampling units based on multi-habitat approach (Hartmann et al., 
2010). Accordingly, the HKH scores were calculated for each of these cumulative 
samples and line graphs were plotted against the sample size (i.e. cumulative family 
numbers) for each month. In addition, lines of arbitrary value of 0.25 were set on 
both sides of the derived HKH scores based on the last sample value (i.e. 10 samples) 
to see how many samples it takes for the HKH index to sit within these arbitrary 
levels. This analysis will ascertain the stability of the resultant HKH scores in 
relation to sample size. While this is not a rigorous statistical examination of the 
variation in HKH scores, it does allow a general assessment of how the HKH score 
behaves in relation to sample size, and the general point at which additional sampling 
is unlikely to produce vastly different HKH scores. 
The HKH based ECODAT data processing software was employed for the 
calculation of scores, and graphs were generated in SPSS to gain insights onto the 
variability and robustness of the index. 
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4.4 Results 
4.4.1 HKH-based water quality status of the streams sampled and the variability of 
the HKHbios 
Outcomes of the HKH based data processing ECODAT software, which calculated 
the water quality biotic index and their corresponding water quality status of river 
classes for each of the stream sampled, are presented in Table 4.3.   
Based on the HKH derived water quality scores, which divides the rivers into five 
quality classes (i.e. I - V), the present finding indicated no highly deteriorated 
streams (falling within the RQC IV and V). Data revealed the HKH based water 
quality scores of the investigated streams varied from 5.91 (at Settlement site) to 7.86 
(at Undisturbed site1). Transformation of these water quality index values to RQC 
indicated that the two undisturbed sites fell within RQC I and its corresponding water 
quality status as „reference‟. Similarly, two agriculture sites and the Land Erosion 
site fell within RQC II with „good‟ HKH based water quality status, while the 
Settlement site fell within the RQC III and its corresponding HKH based water 
quality status showed as „moderate‟ (Table 4.3). Therefore, based on the combined 
data for 10 months, the water quality scores match the general differences that might 
be expected for these different streams. 
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Table 4.3 Outcomes of the HKH based data processing ECODAT software that 
generated HKH-biotic score values (water quality index), HKH-biotic river class 
(water quality) and RQC of 5 streams sampled based on HKH region taxa catalogue. 
  Water Quality 
Sites HKH-based biotic scores RQC HKH-based WQC 
Agriculture site1 7.52 II Good 
Agriculture site2 7.41 II Good 
Undisturbed site1 7.86 I Reference 
Undisturbed site2 7.75 I Reference 
Settlement site  5.91 III Moderate 
Land Erosion site 7.38 II Good 
 
 
 
Month by month scores for each site showed that there was considerable variation 
across months, especially at the more impacted sites (Figure 4.1). The seasonal 
patterns of HKH scores at the Agriculture site 1 ranged from 5.4 (May) to 8.17 
(January), while at Agriculture site 2, the index varied from 5.5 (September) to 7.93 
(November). At Undisturbed sites 1 and 2, the seasonal water quality index 
variability was less pronounced and the values were relatively constant over the 
whole study period. Scores ranged from 6.42 (December) to 7.82 (April) at 
undisturbed site 1, and 6.53 (December) to 7.67 (August) at undisturbed site 2. The 
seasonal variability was also high at the Settlement site. The HKH index ranged from 
5 (April) to 7.75 (August). Note that there was also a zero index value in September 
when no taxa were caught in the five standard samples. At the Land Erosion site, the 
score index values ranged from 6.27 (November) to 8.83 (September). 
Although there was a broad difference in HKH score values between sites when all 
sample months were combined, an analysis of variance (2-way ANOVA without 
replication) showed no significant differences between sites (F5, 40 = 1.70; p = 0.158).  
However, the same analysis found a significant difference between months (F8, 40 = 
2.62; p = 0.021). HKH scores tended to be higher in August than in October and 
December (Tukey post hoc; p<0.05) (Note that September was omitted from these 
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analyses due to the zero value for the Settlement site). So, while there was 
considerable variation from site to site and from month to month, there was no trend 
for any site to have a consistently higher or lower HKH score than any other site, but 
there was a tendency for most sites to have higher or lower scores in some months. 
The month-to-month difference did not fit any pattern of gradual change across the 
season for any site (i.e. trending lower or higher with time since monsoon). 
Therefore, although the HKH scores for each site, that were based on total captures 
over 10 months, showed the expected pattern of differences in water quality between 
sites, there was no consistent pattern among sites within each month. 
 
 
 
Figure 4.1 Line graph depicts the monthly variability of HKH derived biotic 
scores of water quality assessment for six sampled sites. 
 
 
 
The examination of the relationship between HKH scores and physicochemical 
variables, and site (covariance analysis) did not reveal any strong patterns for most of 
the variables (Table 4.4). However, there were positive and significant relationships 
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observed between HKH scores and stream depth and stream width (Table 4.4; Figure 
4.2 a, b & c). There was a straightforward relationship between stream depth and 
HKH index, with higher scores being attained when streams were deeper (after 
considering site to site differences) (Table 4.4; Figure 4.2b). The relationship 
between HKH scores and stream width was more complex. The general trend was to 
attain higher HKH scores when streams were wider, but this varied between sites 
(significant interaction between site and stream width) (Figure 4.2c).  
There was also a significant relationship between total taxa sampled and HKH score 
after accounting for site-to-site differences (Table 4.4). An increase in the number of 
taxa sampled tended to result in a lower HKH score (Figure 4.2a). Note though that 
the slope of this relationship was not steep, and a change in taxa richness from 5 to 
25 produced only a small difference (<0.5) in the HKH score. 
 
Table 4.4 Covariance analysis results (F values and significance levels) of HKH 
derived index with physicochemical variables. (abbreviations: Wtemp - Water 
temperature; DO - Dissolved Oxygen; Cond - Conductivity; Sv - Stream velocity; Sd 
- Stream depth; Sw - Stream width; Tt - Total taxa). * p<0.05; ** p<0.01. 
  
Covariate 
 
df Wtemp DO pH Cond Sv Sd Sw Tt 
Covariate 1 1.529 1.255 1.019 0.146 1.368 8.60** 8.068** 6.71** 
Site 5 0.486 1.122 0.373 0.399 0.731 1.476 2.622 1.07 
Covariate 
x Site 
5 0.594 1.063 0.397 0.082 0.525 1.214 3.166* 1.202 
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Figure 4.2 The relationship between the derived HKH based water quality scores 
and physicochemical variables measured and total taxa richness; (a) taxa richness; 
(b) stream depth and (c) stream width. 
 
 
 
 
4.4.2 Results for sample size influence and user variation (experience of samplers) 
Method 1- Fixed-count sampling 
A total of 1600 macroinvertebrate individuals belonging to 34 families were 
collected by the group assessors based on a fixed-count approach. The number of 
families sampled by each group ranged from four to 12 for the first 50 animals 
sampled, and from six to 14 for the 100 animals sample. Four families were captured 
by all groups in their 100 animal pick (Baetidae, Heptageniidae, Philopotamidae and 
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Stenopsychidae). These four families made up more than 60% of the 1600 animals 
collected (n = 973). Twelve families were captured by at least two thirds of the 
groups. However nine of the 34 families were caught by one group only, and all were 
represented by only one individual capture. 
Cumulative group data indicated that taxonomic richness followed a standard species 
accumulation curve with the number of families increasing with increasing sample 
size.  The number of families encountered increased rapidly up to 5 samples and 
more slowly from 5 samples onward until levelling out (asymptote) at around 14 to 
15 samples for both the 50 pick and the 100 pick approach (Figure 4.3a). This result 
suggested that an asymptote in the number of families being sampled is approached 
by 50 pick at 15 samples. However, when family accumulation curves are plotted 
against cumulative number of animals sampled, both the 50 and 100 pick curves 
follow the same trajectory (Figure 4.3b). This suggests that more families would be 
sampled with 50 pick with increased sampling effort. 
Derived HKH scores for individual groups varied from 5.73 to 8.38 for the first 50 
pick, 5.70 to 8.50 for the second 50 picks and from 6.00 to 8.64 for the pooled 
sample of 100 pick. Pearson correlation coefficient test indicated non-significant 
correlation between the first 50 pick and second 50 pick (r=0.161, p>0.05), 
suggesting that there was no link between the HKH score and the sampling position 
within the stream, or that some groups were always likely to get a higher or lower 
score.  There were significant correlations observed between the first 50 pick and the 
100 pick (r=0.698; p=0.003) and between the second 50 pick and 100 pick (r=0.803; 
p<0.001), but this would be expected as one group (50 pick) was a subset of 
individuals making up the second group (100 pick).    
When the cumulative HKH score was plotted against the sample number (i.e. 1 to 16 
samples) the curve tended to level off after 5 samples (approximately 250 to 500 
individuals) for both 50 and 100 picks. This suggests that the HKHbios index seemed 
to change little beyond the five samples or 500 animals picked (Figure 4.4a & b).  
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Method 2- Exhaustive sampling 
Two sets of data are presented for comparison of exhaustive sampling with fixed-
count sampling in relation to HKH index variability.  In October, sampling was 
performed six days before the fixed-count sampling, and in November, 21 days after 
fixed-count sampling. The HKH scores for remaining months are also presented. 
Exhaustive sampling identified a total of 330 animals representing 13 families in 
October and 370 animals from 25 families in November. Family accumulation 
curves plotted against the sample number indicated a levelling off at six samples for 
October, but numbers were still increasing at 9 samples for November (Figure 4.3a). 
A similar pattern was observed in relation to taxonomic diversity and cumulative 
number of animals sampled (Figure 4.3b).  
When contrasted with family accumulation curves of fixed number sampling, data 
showed higher number of families caught per number of individuals sampled for the 
November exhaustive sampling relative to the fixed-count. However October returns 
were lower for the exhaustive compared with the fixed-count. It was expected that 
exhaustive sampling would detect a greater number of taxa per number of animals 
counted, but this only appeared to be the case for November, and not for October. 
HKH scores for both October and November samples tended to reach an asymptote 
at five samples (Figure 4.4a). It is difficult to determine how the HKH index changed 
with increased number of animals sampled by exhaustive sampling (Figure 4.4b). 
Nevertheless a similar pattern was observed when compared with fixed-count HKH 
scores.  
The HKH scores for all months by exhaustive samples including October and 
November are presented in figures 4.5a to j. Result showed no dramatic change in 
HKH index values in relation to increase in sample size for most of the months 
(Figures 4.5a to f & i). In seven of the 10 months HKH indices were within +/- 0.25 
of the final HKH value (based on 10 samples) after only four samples. Of the 
remaining three months March produced the most divergent result with the HKH 
index increasing with increased sample size (Figure 4.5h).  
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Figure 4.3 Figures depict (a) cumulative family counts vs. sample number, (b) 
cumulative number of families sampled vs. the number of animals sampled with 
different sampling techniques and sample size i.e. exhaustive sampling (October 
&November) based on 10 samples, and a fixed-count sampling of 50 & 100 picks 
based on 16 samples. 
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Figure 4.4 Figures depict (a) cumulative HKH scores vs. sample number (sample 
size), (b) cumulative HKH scores vs. cumulative family number sampled with 
different sampling techniques and sample size i.e. exhaustive sampling (October & 
November) based on 10 samples, and a fixed-count sampling of 50 & 100 picks 
based on 16 samples. 
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Figure 4.5 The HKH derived scores based on exhaustive sampling (10 samples) 
over the period of 10 months; (a) August, (b) September, (c) October, (d) November, 
(e) December, (f) January, (g) February, (h) March, (i) April and (j) May. 
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4.5 Discussion 
This chapter evaluated the level of the HKH index in different streams and the 
seasonal variability of the HKH index. For the first time, biological integrity of 
freshwater ecosystems has been assessed using benthic macroinvertebrates in the 
subtropical streams of southwest Bhutan. Previous stream bioassessment programs in 
Bhutan have been conducted only in the river catchment areas above 2000m by the 
HKH partner countries as part of the development of the first region-based HKH 
biotic score. Their findings in Bhutan showed 57% of the total sample sites belong to 
RQC I and II, interpreting the water quality of river system as „good‟. However, as 
the river flowed through the capital city area, the water quality had deteriorated 
(ICIMOD, 2005). On the whole, the present finding indicated that the investigated 
streams were characterized by mostly clean water dwelling macroinvertebrates, and 
use of these animals as bioindicators confirms their general significance as a valuable 
monitoring tool in assessing stream or river health in the region.  
 
4.5.1 Water quality status of investigated streams 
Based on the HKH river quality assessment tool, water quality score values at six 
sites indicated that the investigated streams were not significantly impacted, thus 
generally indicating a good water quality of stream systems in the study region. As 
expected, two undisturbed sites showed the highest integrity of water quality 
conditions (RQC I based on the HKH derived index), and also a rich diversity of 
benthic communities, as compared to other sites. Higher water quality scores, and the 
similarity in taxa composition at these two sites, may be attributed to the fact that the 
two sites lie within the same stream sourced from higher elevated areas, and flowing 
through catchments of mountains and dense forests. This observation showed that 
two undisturbed sites seemed to be providing good habitats for a diverse range of 
macroinvertebrates within the same stream systems. This was demonstrated by the 
presence of mostly clean water dwelling macroinvertebrates particularly from the 
Ephemeropteran, Plecopteran and Trichopteran groups. Turkmen & Kazanci (2010) 
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also suggested that high diversity and number of different species are generally the 
characteristics of undisturbed habitats of stream and river systems. 
Study sites impaired by local agricultural practices and natural land erosion fell 
within the RQC II that corresponds to „good‟ water quality. Although, these sites 
were generally anticipated to have increased nutrient fluxes, enhanced autotrophic 
biomass, high organic decomposition and sediments in the stream systems, thus, the 
processes have expected to deteriorate water quality in the study areas. Other studies 
have confirmed that agricultural practices affect stream quality mainly because of 
stream habitats change due to land clearing (e.g. removal of riparian vegetation), and 
increasing sediment and nutrient loads to stream system (Virbickas et al., 2011).   
Nonetheless, the present finding suggested local agricultural land use practices is not 
causing high level of impact in the studied streams. According to Lenat (1993), some 
species of macroinvertebrates that consume algae or suspended organic-matter 
particles can thrive well in some agricultural streams. For example net-spinning 
caddisflies (Trichoptera) of the family Hydropsychidae are filter feeders that collect 
and ingest organic particles that are suspended in the water. These particles may 
originate from crop residues, animal wastes, or algae, as they gradually decompose 
(Lenat, 1993). Similarly, natural land erosion had no sign of water quality 
deterioration in the sampled section of stream, suggesting that currently natural land 
erosion sedimentation did not have much effect on the macroinvertebrate community 
structure.  
However, all investigated streams in the current study area may not be considered to 
have healthy stream conditions. This was partly illustrated by the stream impaired by 
the increasing settlement influence that tended to show low index score (5.91) as 
compared to other sites. Its HKH based corresponding WQC suggested that the 
sampled stream was moderately polluted, implying some signs and evidence of 
impact. Impairments at this site may be subject to different degrees and kinds of 
anthropogenic influence. For example, the ongoing land use pattern at the site may 
negatively impact the stream water quality through various physical disturbances 
such as riverine vegetation removal, waste dumping, direct sewage waste discharge 
from the households, and effluent discharge from vehicle movement and washing 
during the dry season. All such related human activities may have consequences for 
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the biotic and abiotic parts of a stream ecosystem. Studies have indicated human-
induced activities increasingly help to reduce the macroinvertebrate taxonomic 
diversity (Maitland & Morgan, 1997), and thus affect overall water quality. 
Additionally, deterioration of stream health at the settlement site may be partially 
attributed to direct discharge of both organic and chemical contaminations from a 
refurbishment furniture factory located upstream from the settlement site. However, 
assessment of industrial effluents at the factory site was not carried out during this 
study. Nonetheless, studies have confirmed that an increase in organic deposition in 
stream systems will lead to a depletion of oxygen as a result of decomposition 
process enhanced by the microorganisms (Višinskienė & Bernotienė, 2012). 
Subsequent deterioration of DO concentrations in a stream may have the potential to 
influence macroinvertebrate community structure (Bucciarelli & Kats, 2015).   
While the water quality scores derived from combining 10 months of data reflected 
the generally expected differences between the six sites, the same pattern was not 
seen in the month-to-month data. When HKH index variability was compared among 
sites (treating months as blocks), there was no statistical difference in the HKH 
derived scores between sites. The highest variability observed was observed at the 
Settlement site with dramatic decline in score value was mainly associated with no 
taxa being caught in the samples of September, despite some individuals being 
caught at the same site in August and October. This trend may be caused by the 
impacts of high stream flow events, in the period following the main part of the 
monsoon, on the smaller sized streams, where macroinvertebrate specimens might 
have been washed away or killed during the heavy stream discharge.  
However, even when September data was excluded to enable the measure of index 
variability between/or among sites with the remaining dataset, there was no 
statistically significant difference of the HKH scores between sites, despite 
variability of taxonomic richness observed among sites. There was also considerable 
month to month variability in HKH scores at any one site. There may be a number of 
reasons for this inability of the HKH index to find consistent differences in water 
quality at the six sites. First, it is possible that the HKH scores are an accurate 
reflection of the month to month variation in water quality. The streams are highly 
variable from month to month, and there are no consistent differences between the 
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six sites across the 10 months. Alternatively, the HKH scores derived from a sample 
size of five may be far more variable than the recommended HKH calculation based 
on a sample size of 20. Another possibility is that sample size is not a problem, and 
that the HKH index needs some refinement in order to apply it to the streams in 
south west Bhutan. 
 
4.5.2 Correlations of HKH derived index with measured physicochemical variables 
One aspect of variability is seasonal changes in physicochemical variables, and the 
impact of this variability on macroinvertebrates and HKH scores. Studies have 
shown physicochemical factors that influence species richness, if not explicitly 
incorporated into scoring procedures, can result in systematic biases in indicator 
performance (Simon, 2002). For example, thermal conditions of the stream can 
strongly shape the fish community structure, and assessment criterion that use taxa 
counts as a metric require major adjustments when applied across cold and warm 
water bodies (Lyons et al., 1996; Mundahl & Simon, 1999). Failure to account for all 
these variables may increase the chances of unrealistic scoring values of the stream 
being assessed.  
In this study, the HKH index did not seem to be influenced by most of the 
physicochemical variables, despite variability of these parameters observed among 
sites over time (see Chapter 2). Independent variables such as water temperature, 
DO, conductivity, current velocity, and pH were not identified as predictor variables 
in this study. However, two habitat related variables, stream depth and width, were 
correlated with the HKH index. As noted in Chapter 2, the two undisturbed sites 
were deeper and wider in stream channel as compared to other stream sampling sites, 
so correlation between depth and width and HKH scores may be partly the product of 
the undisturbed sites having higher HKH scores, rather than relationship specifically 
between the HKH scores and two habitat variables. Nevertheless, the analyses did 
take variability between streams into account, so even with this site to site variability, 
there is a trend for gaining higher HKH scores when a stream is deeper or wider. If 
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the HKH index is sensitive to habitat specific variables then this may influence the 
utility of the index, so this aspect requires further investigation. 
 
4.5.3 Seasonal trends in the HKH derived water quality index 
Another aspect of seasonal variability is variation in macroinvertebrate abundance. 
There was low family richness immediately following the monsoon, and richness 
increased as the dry season progressed (Chapter 3). Despite this consistent trend at 
all sites, the only monthly difference in the HKH index was for August, which 
tended to have higher HKH values than the other months. The higher HKH values in 
August may be attributed to the presence of some key indicator taxa for high water 
quality such as Chloroperlidae and Rhyacophilidae that were caught exclusively in 
the samples of August. However, the standard ASSESS-HKH sampling protocol 
recommends sample collection during pre-monsoon and post-monsoon periods when 
the stream flows are relatively low and safe to sample (i.e. avoiding sampling in 
August). Thus field sample collections confined to the HKH recommended sampling 
protocol may reduce variation in the derived index, but some important usable 
information about macroinvertebrate groups in the streams of monsoonal 
environment may be lost.  
For most of the sites, the month to month variation in the HKH index was reasonably 
high, but without a consistent pattern across the sites, making it difficult to detect any 
seasonal patterns. Studies of seasonal variation in water quality indices are mixed. 
Some studies (e.g. Mazor et al., 2009; Stark & Philips, 2009; Thirion et al., 2014; 
Serra et al, 2015) have indicated relatively low or no temporal variability of 
macroinvertebrate-based water quality indices. However, other studies (e.g. Murphy, 
1978; Gratwicke, 1998; Reece et al., 2001; Callanan et al., 2008; Mazor et al., 2009) 
observed temporal variability of several biotic indices. For example, Gratwicke 
(1998) explored the effect of season on the SASS in two rivers in Zimbabwe and 
established that SASS scores at all study sites changed with season. He established 
the highest SASS scores at the end of rainy season and lowest during the dry season. 
Similarly, in the UK, a study undertaken by Armitage et al., (1983), among 268 sites, 
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particularly in the unpolluted streams, has shown the British-based ASPT changed 
with seasons. It is therefore, important to consider, not only the health of the stream 
when sampling was performed, but also the locations and region of streams or rivers 
in which they are flowing, because the occurrence of macroinvertebrates depends on 
the preference of the habitats, climatic conditions (seasons) and regional differences 
in taxonomic composition (Dias-Silva et al., 2010). 
 
4.5.4 Sample size influence, different sampling techniques and user variation  
Sample size and sampling approach are key aspects of rapid bioassessment 
techniques. The smaller sample size used in this study (5 samples instead of the HKH 
recommended 20 sampling units) may have resulted in significant temporal 
variability in HKH scores. The influence of sample size variation on the taxonomic 
richness was assessed using two different sampling techniques (i.e. fixed-count and 
exhaustive samples). More importantly, this chapter has assessed the variability of 
the HKH index in relation to field sampling efforts, given the variability in terms of 
sample size, sampling technique and experience of samplers (i.e. user variation). This 
chapter also evaluated how HKH index behaves based on 10 exhaustive samples.  
The current findings showed that taxonomic richness increased as sample size 
increased with increasing sampling effort, indicating that the taxonomic richness was 
highly dependent on sample size. There is the likelihood that new taxa will be 
encountered as sample size increases with increasing number of individuals in the 
samples (Vinson & Hawkins, 1996). Such phenomenon is well known, for example 
May (1975) noted species richness increased with increasing sample size, and 
reached an asymptote between 100 and 900 animals. In this study, reasonable 
taxonomic richness tended to attain an asymptote after 15 samples (i.e. 750 animals) 
by 50 pick and 14 samples (i.e. 1400 animals) by 100 pick using the fixed-count 
approach. This suggests that fixed-count sample sizes less than 15 samples by 50 
pick and 14 samples by 100 pick are insufficient to collect all taxa present in the 
sampling stream. So a sample size of greater than 14 samples (either based on 50 
pick or 100 pick) would most likely be required for the higher accuracy of 
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information to estimate macroinvertebrate taxonomic richness at the site, if a primary 
aim of study was to compile a reasonably accurate record of taxa present (species 
richness) at the sampling stream. In general, this finding is in agreement with several 
recent studies (e.g. Li et al., 2001; Metzeling & Miller, 2001), that reported 
macroinvertebrate richness was highly dependent on field sampling efforts and 
taxonomic richness tended to increase rapidly with increased sample sizes. A similar 
range of sample size was suggested by Schneck & Melo (2010) in the tropical 
streams that recommended a sample size of minimum 13 to 18 sampling units or 
equivalent of 750 to 1550 animals are necessary for relative abundance data. A 
similar finding was also published by McCord et al., (2007) that mentioned larger 
subsamples provided higher estimates of macroinvertebrate richness during their 
study in the streams of Arkansas, in the USA. Cao et al., (2002) also emphasized that 
increasing fixed-count sample sizes can produce a higher proportion of taxa from the 
local species pool, thereby increasing the site and group similarity. Therefore, this 
study confirms that, as would be expected, taxonomic richness was highly dependent 
on the sample size. Detail study of the species richness at a site would therefore 
demand the processing of a significantly larger number of sample sizes.  
However, in contrast to the trend noted for taxonomic richness, sample size did not 
strongly influence the HKH index in this study. For example, the resultant 
cumulative HKH scores based on fixed-counts by 50 pick and 100 pick tended to 
level off after five samples (i.e. 250-500 individuals). A similar trend of index 
performance was noted for the exhaustive HKH scores for both October and 
November samples that indicated the index scores did not change much once at least 
five samples were taken. These overall results suggest that the HKH index seemed to 
be independent of different field sampling techniques. However, the index variability 
observed within the range of five samples, and the trend for index stability being 
attained after 5 samples in this study, suggests the requirement of reasonable sample 
size to gain a reliable estimate of the HKH index. The trend for HKH index stability 
after five samples may be attributed to presence of higher taxonomic richness that 
was responsible for the index performance because of the possible capture of new 
taxa of the same score values. Therefore, even though only subsets of all taxa present 
were being sampled in five samples, this provided a representative sample of 
sensitive and tolerant taxa. This finding was consistent with several other studies 
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(e.g. Vlek et al., 2006; Hughes et al., 2010; Petkovska & Urbanic, 2010), that 
reported variability of water quality metrics decreased with increasing sample or 
subsample size.  
Additionally, across all months, the HKH index generally showed relatively low 
variation in relation to sample size, despite seasonal index variations observed. For 
example, with the arbitrary level value of 0.25 error set on both sides of the score 
based on last sample (i.e. sample number 10), in this study, assessment of the index 
variability based the 10 exhaustive samples collected for the period of 10 months 
showed no significant influence of sample size for most of the months. In 7 of the 10 
months the HKH score was within +/- 0.25 of the final HKH score after only four 
samples. In other words, index variability in relation to sample size over time tended 
to sit within this arbitrary value, indicating overall low variability of the index in 
relation to sample size, except for the samples of February and March. This 
observation suggests that the HKH index was robust enough to cope with the 
variation in sample size. The above findings suggest that a reasonable estimate of 
water quality could be obtained with reduced field sampling effort (i.e. more cost-
effectiveness). The relationship between sample size and HKH index suggests that it 
would be unlikely for increasing sample size to result in changes to the HKH index.  
The two exceptions were the February and March samples. The slight index 
variability observed outside the arbitrary value in the samples of February after 8 
samples and March after 5 samples, this particular result suggests that season tended 
to influence the index scores more than sampling location, which was consistent with 
the index variability noted above. This trend of index may be associated with 
different life-history characteristics of macroinvertebrate. For example, Linke et al., 
(1999) suggested that variation in some biotic indices has been attributed to the life-
history characteristics of macroinvertebrate and mentioned that many indicator taxa 
for high water quality tended to show their higher emergence during favourable cold 
environmental conditions. A similar finding was reported by Hill et al., (2003), that 
indicated univariate indices are sensitive to sample size and their ecological 
relevance and interpretations may be limited due to seasonal changes in 
macroinvertebrate community composition. Thus, in univariate analysis, the 
ecological status of stream water quality may fluctuate over a range of periods 
depending on the time of the year when the samples are taken. Additionally, some 
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indices that produce clear indication for anthropogenic influences in stream system 
may vary from region to region, depending upon climatic conditions and 
geographical regions (Herbst & Silldorff, 2009) and thus, applicability of any given 
indices need to be examined in order to determine the most efficient means of 
gaining the usable information from macroinvertebrate data.   
In general, the present study suggests that the HKH index showed low variation in 
relation to sample size, and field sampling techniques. Considering the current 
performance of index variability measured in relation to sample size, this finding 
therefore, suggests that it might be more cost-effective to use the smaller sample size 
in macroinvertebrate studies. Thus, the HKHbios index was a usable tool for water 
quality assessment in the subtropical streams of southwest Bhutan, until Bhutan 
develops a solely country-based bioassessment tool as standard sampling methods. 
Additionally, the present study also confirmed that sample size less than the 
recommended 20 multi-habitat sampling units (the standard protocol of ASSESS-
HKH methodology) would still provide usable macroinvertebrate based information 
in a cost-effective manner. 
Furthermore, the cost and efficacy of different field sorting techniques with user 
variation were evaluated for processing rapid bioassessment samples with reduced 
field sampling efforts. Rapid Bioassessment Programs (RBPs) have been widely used 
in many parts of the world to assess the ecological condition of a stream using low 
cost protocol, and thus to allow sustainable long-term routine stream monitoring 
systems (Buss & Vitorino, 2010). So the selection of cost-efficient field sample 
processing technique is important in bioassessment programs. One of the rapid 
assessment procedures include use of a fixed-count subsampling approach based on a 
100, 150, 200 or 300 etc. animals, where such an approach was claimed to reduce the 
sampling effort required for the field sorting (Barbour et al., 1999). Although, some 
researchers argue that only exhaustive count technique are appropriate, because such 
counts maximize the usable information extracted from each expensive sampling 
effort (Cao et al., 1998), and provide the most accurate estimate of the abundances of 
individual taxa in a sample (Stark et al., 2001). Others still suggest that subsamples, 
even as low as 100 individuals yield consistent, accurate and ever reliable 
information for bioassessment (Chessman, 1995; Growns et al., 1997; Somers et 
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al.,1998; Barbour et al., 1999).   In this study, samples of 50 and 100 picked 
individuals were compared for processing rapid assessment with reduced sampling 
effort. When family accumulation curves were plotted against cumulative number of 
animals sampled, the 100 pick and the 50 pick produced similar values of family 
richness. However, the two fixed count methods produced slightly different HKH 
scores, with the 50 pick score being slightly lower than the 100 pick score. These 
HKH values did not change with sample size (beyond five samples), suggesting that 
increasing the number of 50 pick samples would not necessarily bring the HKH score 
closer to that derived from the 100 pick samples. Fixed count sampling based on 
small subsample sizes may result in possible sample bias if only larger and more 
conspicuous families are selected (Growns et al., 1997) 
While the HKH scores based on fixed counts showed little variation when based on 
more than five samples, the HKH scores derived from single samples showed 
considerable variation suggesting high between-user variation (i.e. experience of 
samplers may be important). For example, among the 16 groups, a single 100 pick 
sample produced the HKH score values ranging from 6.00 to 8.64, representing a big 
difference in stream water quality score for one site at a given time. Therefore, this 
observation suggests that 100 pick sampling technique performed by inexperienced 
samplers would not be very reliable in terms of obtaining usable information on 
water quality.  
 
4.6 Conclusion 
In principal, the biotic index or score should not make rigorous demands on field 
sampling efforts, whereby sample size, sampling techniques and user variation 
should be reasonably flexible. To be successful, the index have to be robust enough 
to cope with user variations (i.e. different assessors using the method should get the 
same water quality score in the same location).  
The present study provided a deeper understanding of the index utility and 
applicability that links with the current water quality status of freshwater stream 
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ecosystems in the subtropical region of southwest Bhutan. Despite the obvious 
seasonal trends of macroinvertebrate community composition observed over time, 
there was no obvious seasonal pattern in the score-based HKHbios for assessing the 
health of streams in this part of Bhutan. In general, the HKH score-based 
bioassessment system was found to be useful and suitable biomonitoring tool for 
assessing water quality status and the ecological aspects of streams or rivers quality 
in Bhutan when it comes to field sampling efforts such as sample size influence and 
different field sorting techniques applied. For example, the present study indicated 
that influence of sample size and field sampling techniques showed no obvious 
significant influence on the performance of resultant HKH scores. In this regard, the 
water quality assessment tool, the HKHbios showed to be robust enough to cope with 
different field sampling techniques and variation in sample size although the index 
applicability of user variations was not supported in this study. There is a clear need 
for rapid and inexpensive bioassessment tools to assess water quality in developing 
countries. Therefore, derivation of HKH index based on different sampling 
techniques and variation in sample size seemed to provide reliable source of 
information with reduced sampling efforts, thus can be used as a comprehensive 
biotic tool for assessing stream quality in the subtropical streams of southwest 
Bhutan.  
However, for the better performance of the index, an update of missing taxa scores to 
the HKH taxa database and inclusion of these scores within the HKH-ECODAT data 
processing software is of paramount importance and these issues are addressed in the 
following general discussion chapter.  
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Chapter 5:  General discussion, conclusion and recommendations 
5.1 Introduction 
While biomonitoring or bioassessment, using various stream biota, is a common 
form of assessing the stream health and water quality in different parts of the world, 
the present study is one of the few bioassessment studies undertaken in Bhutan, and 
the current study area is one where biological-based water quality assessment has not 
been previously carried out. Furthermore, the streams of southwest Bhutan present an 
interesting case in the application of bioassessment methods. Clearly there are 
periods of the year, the monsoon, where stream and river flow is too high to allow 
adequate sampling. Sampling for bioassessment in the non-monsoon period must 
consider the impact of high stream flow on post-monsoon biological communities, 
and the subsequent impact of any biological variability on bioassessment 
scores.  Therefore, the central theme of this study was to establish an understanding 
of the application of the HKH based water quality index (HKHbios) based on 
macroinvertebrates, in the selected streams of southwest Bhutan. 
The present study evaluated the patterns of spatial and temporal variability of 
macroinvertebrates using data from undisturbed sites or minimum impacted streams, 
and from streams exposed to different levels and types of disturbance (e.g. 
agriculture, natural land erosion and settlement). The study examined how spatio-
temporal variability of macroinvertebrates affects bioassessment (specifically the 
HKHbios), given that all streams were subjected to major monsoonal disturbance 
(high stream flow), and extended low stream flow in dry periods. Thus, the findings 
of this study need to be interpreted in the broader context of variation in stream 
biological communities and bioassessment application. 
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5.2 Spatial and temporal patterns of macroinvertebrate community 
Several studies (e.g. Sandin & Johnson, 2000; Gebler, 2004; Trigal et al., 2006) have 
evaluated variation in macroinvertebrate assemblages at different spatial and 
temporal scales (i.e. season to season, year to year, within sites, within stream reach 
or among streams/ and rivers). In this study, spatial scales were considered by 
examining different stream types under different levels of disturbance, or sections of 
stream within a single stream, while temporal scales were ascertained by month to 
month variation, and wet versus dry seasons within an annual cycle. The current 
study found considerable variation in the macroinvertebrate community over the 10 
month study period at both spatial and temporal scales. Concerning the spatial 
variation of macroinvertebrate community, the differences were mainly encountered 
by the stream types (e.g. source), associated with physicochemical variables and land 
use pattern changes in surrounding catchment areas. For instance, the highest mean 
values of taxonomic richness and diversity index corresponded to the undisturbed 
stream sourced from higher elevations flowing through forested areas with deeper 
and wider stream channels. The lowest values were found in the settlement site with 
narrow and shallow stream system, suggesting spatial variability in community 
composition was associated with different stream types and degree of anthropogenic 
influence. Although the composition of riparian vegetation and substrate types were 
similar between sampling sites, other variables such as stream depth and width, 
stream source and the level of anthropogenic influence, were found to be important 
factors in determining the extent and magnitude of changes in the benthos. This 
finding was in agreement with the finding from a Mediterranean stream reported by 
Feio et al., (2010), that showed macroinvertebrate assemblages at affected sites were 
highly variable compared to assemblages at reference sites within a single stream. 
Rapport (1991), also demonstrated a similar finding, that the stream affected by 
stresses often show a reduced taxa richness, with the gradual disappearance of 
sensitive taxa, and more monospecific communities.   
Similarly, data collected from the five different streams across six different study 
sites revealed a fauna which was strongly influenced by the monsoonal season, as 
has been noted in many other studies in different regions of the world (Brewin, 2000; 
Bogan & Lyttle, 2007; Mesa, 2012). Although sampling was only carried out over 
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one year, the data suggest that there are annual cycles in the investigated streams of 
southwest Bhutan. One of the most obvious trends observed in this study was the 
apparent reduction in macroinvertebrate abundance during the wet season in all 
sampled streams, indicating that the seasonal variability of stream dwelling 
macroinvertebrates was largely attributed to a climatic factor, i.e. high stream flow 
events induced by the intensive monsoonal rains in the region. Consequently, the 
effect of the monsoon was known to include an initial reduction in macroinvertebrate 
abundance, richness and diversity in this study. This finding was supported by the 
presence/absence data and the observed seasonal trend of 10 key common families 
that showed low abundance pattern immediately after the monsoon, higher 
abundance during the dry season, and finally some decline in their abundance in the 
months leading up to the monsoon. The variability observed between months thus 
suggests the requirement of more extensive sampling to enable clearer understanding 
of the biology and population dynamics of the species found in these streams.  
The present study suggests that variation observed between months may be related to 
general phenology and life-history patterns (e.g. emergence, recruitment, 
reproduction or behavioural traits etc.) of macroinvertebrates (Tangen et al., 2003), 
which requires a sound understanding of the underlying ecological relationships 
between individual taxa and their environment, thus reinforcing the need to 
understand the biology of individual taxa in bioassessment. Studies have revealed 
life-histories of macroinvertebrate (Linke et al., 1999) and seasonal variation 
observed in stream hydrological regime and thermal conditions (Boulton & Lake, 
1992) were considered to be major contributors to seasonality of macroinvertebrates. 
Studies have also revealed that life-history strategies of macroinvertebrates can be 
used to explain the differences observed in species assemblages between locations 
and different periods (Siepel et al., 2008). In this study, the monthly differences 
observed in macroinvertebrates were largely influenced by the higher variability of 
stream flow regime induced by monsoonal rains, thereby reinforcing the influence of 
spatio-temporal attributes. Thus, seasonal changes in physical characteristics of the 
streams driven by monsoonal effects could also additionally contribute to variability 
in macroinvertebrate assemblages within the catchment areas, which ultimately 
influences macroinvertebrate abundance, richness and diversity. The present study 
was consistent with several other studies that indicated within-year seasonal patterns 
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of macroinvertebrate communities can be influenced by annual variability in stream 
flow regimes (Resh et al., 2013; Leigh, 2013).  Extreme stream conditions such as 
floods or droughts have been shown equally to have some influence (Bond et al., 
2008; Lytle et al., 2008), resulting in severe population losses during high discharge 
events (Cowell et al., 2004). Bêche et al., (2006) also mentioned that 
macroinvertebrate community composition was found to vary widely from season-to-
season partly due to changing environmental conditions (e.g. thermal regime) and 
macroinvertebrate life-history characteristics.  
Although the monsoon event appears to be the major driving factor for the 
seasonality of macroinvertebrate assemblages, the present study illustrated such an 
impact as part of the seasonal cycle or short-term seasonal disturbance on the 
macroinvertebrate community. Changes caused by the predictable environmental 
event pose no long-lasting impact on the population recolonization or recovery 
process. This was seen in the higher abundance patterns of taxa immediately after 
monsoonal event. Success in quick recovery after the predictable monsoonal 
disturbance may be attributed to the prevalence of different life-history attributes or 
associated evolved behavioural traits in macroinvertebrates. For example, in this 
study, rapid population recovery process after the predictable seasonal physical 
monsoonal disturbance may be attributed to high development rates, often resulting 
in more than one generation within one dry season (Korte, 2010). These attributes in 
benthos are also shown by Mackay (1992), who mentioned propagules for 
recolonization or recovery are largely made available by asynchronous and aseasonal 
pattern of life cycles (e.g. long oviposition periods, refuges in the streambed or 
neighbouring water bodies), and species in frequently disturbed streams largely 
benefit from these attributes. The current finding was supported to some extent by 
the size-frequency distribution data. While this size-frequency data were difficult to 
interpret given the potential for more than one species to be represented, the presence 
in many families of a range of size classes across a number of months, suggests that 
there may be more than one generation per year. The recruitment or recolonization 
process, development and emergence process represent some of the key biological 
aspects of macroinvertebrates that are influenced by seasonal factors (Dallas, 1997). 
Therefore, in this study, macroinvertebrate fauna appears to be remarkably resistant 
and resilient to predictable physical monsoonal disturbance and short life cycles and 
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continuous reproduction could be one of the important recruitment strategies that 
ensure the persistence of macroinvertebrate population in the streams of monsoonal 
environment (Huttunen et al., 2012). It is likely that such colonising pathway of 
macroinvertebrate provided greater importance for normal seasonal cycle after the 
stream physical disturbance.  
Another source of macroinvertebrate recovery after the predictable monsoonal 
disturbance can be attributable to formation of smaller upstream tributaries during 
the monsoonal season that connected to the streams sampled in this study. 
Macroinvertebrates were observed in these smaller upstream tributaries during the 
peak monsoon, although no systematic data collection was initiated in this study. 
Williams and Hynes (1976) suggested that, in permanent streams, downstream drift 
is the most important recolonization pathway of macroinvertebrate after the 
disturbance events. However there is only limited information on macroinvertebrate 
recruitment process in subtropical streams in the current literature. Therefore, in this 
study, the monsoonal physical disturbance that caused loss/or mortality of 
macroinvertebrate populations seemed to be a short-term impact, and taxa 
recolonization process after the physical disturbance tended to be rapid, with high 
populations re-established relatively soon after the monsoon. 
Therefore, understanding the natural variation of the macroinvertebrate communities 
is essential in bioassessment programs. Both spatial and temporal patterns observed 
in this study may lead to variation of biotic metrics commonly used in stream 
bioassessment studies (Trigal et al., 2006) in the region. 
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5.3 The HKHbios performance 
Both spatial and temporal variability of macroinvertebrates adds difficulty in 
bioassessment studies causing values of several biotic metrics or indices to vary in 
accordance with the time of the year when the samples were collected (Barbour et 
al., 1996; Tangen et al., 2003). However, studies on the temporal variability of 
macroinvertebrates relative to stream bioassessment programs are controversial. For 
example, several recent studies have shown low seasonal variability of 
macroinvertebrate (Beche & Resh 2007; Huttunen et al., 2012), while others 
suggested that such a trend may not severely influence the precision of 
bioassessment (Hawkins et al., 2000; Hawkins, 2006). Additionally, most of these 
studies were based only in pristine or reference streams (Robinson et al., 2000; 
Milner et al., 2006; Mykrä et al., 2009), while only a few studies have assessed the 
influence of temporal variability of macroinvertebrates on bioassessment in streams 
exposed to anthropogenic influences (Feio et al., 2010; Nichols et al., 2010), and 
findings from those few studies have varied. For example, Nichols et al., (2010) did 
not discover any intra-annual variation of macroinvertebrate assemblage between 
pristine and affected streams.  
The current study showed that basic biotic metrics such as macroinvertebrate 
abundance data, number of taxa (species richness), and Shannon-Weiner diversity 
index were found to be useful bioassessment tools in assessing streams according to 
their quality and changes over time. However, diversity measures (e.g. Shannon-
Weiner diversity index) might only be good if comparing streams at one time, but 
would not be good enough to discriminate the same stream over time because this 
index fluctuated so much over the months. However, the variation in diversity over 
time did not appear to have any strong link to temporal variation in bioassessment 
scores derived from the data. 
The HKH index based on the combined monthly data matched the expected pattern 
of water quality differences between the six sampling sites. Undisturbed sites 
attained higher scores than sites affected more by human activity. However, when 
monthly HKH scores were calculated, the month to month scores at any one site 
were variable, and there was no consistent pattern across the six sites. This suggests 
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that there is a requirement of further refinement of the index to enhance its accuracy 
and ability to detect differences in water quality. Closer examination of monthly 
distributional trend of the index scores some possible reasons for variability. First, 
some highly sensitive taxa (e.g. with score of 10 and weight of 5) might only be 
captured occasionally (<10 individuals across all 10 months), but they might boost 
HKH scores when they were caught. The same applies to some highly tolerant taxa 
(i.e. lowest HKH score with high weight values) that might be rarely captured, but 
they lower the HKH score on the rare times they are sampled. Alternatively, some of 
these highly tolerant taxa might be missed at some sites in some monthly samples. 
For example, Neoephemeridae (highly sensitive family) has a score of 10 and a 
weighting value of 5 in the HKH taxa list. Two individuals of Neoephemeridae were 
captured during the entire sampling period – one at the Land erosion site in 
September, and another at Agriculture site1 in January. Coincidentally these sites had 
the highest HKH scores across all sites in those months. A second example is the 
family Epiophlebiidae with score value of 10 and weight of 5. Only one individual 
was caught (at Undisturbed site1 in April), and this site had the highest HKH score in 
that month. On the other hand, Chironomidae (highly tolerant family) has a score of 
1 and a weighting value of 3. This family was found at all sites, but was occasionally 
absent from a site in a particular month. For example, at Agriculture site2, this family 
was caught in the sample of September and the lowest HKH score was recorded for 
that month, and absent in the samples of October and November, where highest HKH 
scores were recorded for those months. Another possible explanation for the higher 
monthly variability of the scores was shown by the rare capture of family Syrphidae 
(score = 1; weight = 5) that caught at the Settlement site in April, with the lowest 
HKH score being recorded for that month at that site. It appears that rare captures 
can have a tendency to influence the index variability across the season, and the 
weighting system might not be appropriate in for rarely caught families. 
A second issue relates to the general applicability of the weighting system to 
particular families. According to ASSESS-HKH protocol, during the development of 
HKHbios, a total of 199 taxa were assigned scores and weighting system. Only taxa 
that showed a very clear preference to very good stream conditions with score values 
of 8 to 10 or very bad stream conditions with score value of 1 were considered. 
Subsequently, a weight value of 3 was allocated to strong indicators, and a weight 
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value of 5 for very strong indicators. Strong indicators were determined by those taxa 
that attained an abundance of more than 80% within two neighbouring river quality 
classes, and very strong indicators by above 70%, either at reference sites or bad sites 
(Ofenböck et al., 2010). Therefore, taxa scoring and weighting systems were 
determined by the range and distribution patterns of taxa among different levels of 
impact and on available autecological information from expert groups. Interestingly, 
in this study, the family Neoephemeridae, which has treated as highly sensitive 
family in HKH taxa list, was exclusively caught at the sites impaired by Land erosion 
and Agriculture with just 2 individuals of total 14621 animals, indicating that 
periodic captures of a few HKH based sensitive families might not always be 
associated with very good stream conditions. This finding, therefore suggests that the 
high weights allocated to some families in the HKH taxa list might not be always 
applicable to all streams and all locations.  
Another practical difficulty of the ASSESS-HKH approach was that some families (n 
= 9) caught in the samples were not assigned their scores in the HKH taxa list or 
within the HKH based ECODAT data processing software. Thus, they were excluded 
from the calculation of water quality index. These families include one taxon from 
the taxonomic orders Coleoptera (Hydrochidae); Decapoda (Astacidae); 
Ephemeroptera (Leptohyphidae), Tricladida (Planariidae); Phyllodocida 
(Phyllodocidae) and two from the orders Odonata (Gomphidae, Platystictidae), and 
Trichoptera (Sericostomatidae, Leptoceridae). Although, these families occurred in 
relatively low numbers in a sporadic pattern (about 2% of the total 14,621 
individuals sampled), their exclusion from index calculation may affect the accuracy 
of stream water quality measures, thus reducing the reliability and precision of the 
index. Studies have revealed that, if several taxa are not included in the calculation of 
the index, it may limit the general applicability of the index across streams of varying 
topology (O‟Callaghan & Kelly-Quinn, 2012).  
In this study, unscored taxa such as Leptoceridae (77 individuals) and Gomphidae 
(21 individuals) were sampled in most months, and commonly occurred across the 
sampling sites. For example, Leptoceridae appeared in the samples for six months at 
five sites (except Agriculture site2) and Gomphidae for eight months across all six 
sites. Moreover, Leptoceridae and Gomphidae were allotted scores of 10 and 8 
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respectively in another water quality scoring system (BMWP), indicating that they 
are sensitive taxa, and thus can have potential in making a difference to the index 
calculation. Therefore, exclusion of rare taxa from the index calculation may lose 
some important ecological information of the stream systems and could lead to 
erroneous assessment of river conditions.  
Inclusion or exclusion of rare taxa in bioassessment programs has been a topic 
debated in the literature. For example, a number of authors have argued that valuable 
ecological information is lost when rare taxa are excluded in bioassessment 
calculations (Fore et al., 1996; Karr, 1999; Cao et al., 2001; Schmidt-Kloiber 
&Nijboer, 2004), while others suggest that inclusion of rare taxa is not important as 
they just cause “noise” in a biological index (Marchant, 2002; Sickle et al., 2007). 
However, in this study, exclusion of sensitive taxa such as Leptoceridae and 
Gomphidae may increase chance of error during index calculation, suggesting the 
supplementary research on improving efficiency, precision and predictive ability of 
the HKH scoring system by allotting the scores for several taxa as well as adding 
new taxa that may make the index more comprehensive and also improve the 
predictive ability and accuracy of the HKH scoring system.  
Although, macroinvertebrate metrics such as the percentage of dominant taxa, 
percentage of tolerant taxa, presence or absence data and number of taxa could 
distinguish the ecological status of stream systems, and therefore appear to provide 
the best discrimination, the mere presence of certain rare taxa, particularly the 
sensitive or tolerant taxa may also provide valuable information about the stream 
systems. For example, Cao et al., (1998) claimed that exclusion of rare species from 
data set may result in an unacceptable loss of ecological information, thus unduly 
biasing the similarity measures used in multivariate analyses of macroinvertebrate 
community composition. Therefore, an update of taxa scores to the HKH taxa 
database may allow for continued refinement and improvement of the index to 
increase the accuracy and reliability of information. 
Although there appear to be issues with some aspects of the HKH method (i.e. 
HKHbios), there were other elements that indicated the method performed well. An 
assessment of index variability was performed based on variation in sample size, 
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field sampling approach and experience of samplers. In general, the index was not 
strongly influenced by the variation in sample size and disparity in sampling 
techniques, despite the requirement of recommended HKH field sampling protocol of 
20 multi-approach sampling units, indicating that the HKH recommended 20 
sampling units need not be necessarily required. For example, the current finding 
suggested that increasing sample size beyond 10 samples unlikely to result in 
changes to the HKH index, suggesting that a reasonable estimate of water quality and 
usable information in stream bioassessment could be obtained through standardised 
HKH approach with reduced field sampling effort. Therefore, derivation of HKH 
index based on different sampling techniques (i.e. standardized field sampling 
techniques) and variation in sample size seemed to provide required amount of 
information, and thus can be applied as a comprehensive biotic tool for assessing 
status of water quality in the streams of monsoonal environment in Bhutan. 
Moreover, usable macroinvertebrate based information could be acquired with 
minimum costs and time involvement, thus equally substantial amount of 
information can be anticipated irrespective to larger sample size. However, the index 
performance relative to experience of samplers (i.e. user variation) suggested that 
fixed-count method based on 100 pick sampling technique performed by 
inexperienced samplers would not be very reliable. 
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5.4 Conclusions and Recommendations 
The usefulness of using the stream dwelling macroinvertebrates as bioindicators for 
assessing the water quality status in the subtropical streams of southwest Bhutan was 
clearly demonstrated in this study. In general, this study has provided the first 
comprehensive set of physicochemical data of the investigated streams and 
taxonomical data describing macroinvertebrate community composition, and changes 
after disturbance, water quality status and its applicability of HKH based biotic score 
in Bhutan. Macroinvertebrate communities varied both spatially and temporally 
among the sampled streams. Spatial variation was largely encountered by the 
particular stream types (e.g. stream source), land use pattern changes in surrounding 
catchment areas and variation observed in physicochemical parameters. Temporal 
variation was largely influenced by the high stream flow events induced by the 
intensive monsoonal rains. Thus, dry season was characterized by significantly 
higher macroinvertebrate abundance, richness and diversity as compared to wet 
season.  Adaptive life-history characteristics and smaller upstream tributaries that 
connect to main streams seem to play an important role for macroinvertebrate 
recolonization process.   
Categorization of macroinvertebrate community composition under different streams 
exposed to different level of disturbances relative to undisturbed streams has proved 
to be crucial in order to assess the impacts of physical disturbance and anthropogenic 
influences on the stream systems.  
Nevertheless, the present study also identified some issues with the current HKH 
biotic scoring systems for the comprehensive assessment of stream conditions based 
on macroinvertebrates. Although the HKH index performance was reasonably robust 
to variation in sampling effort and good enough to detect the current status of stream 
systems, some issues did arise attaining the higher efficacy, precision and reliability 
of information of the studied streams. One key issue was that some taxa (nine 
families >10% of all families caught) were excluded from calculations. Among 
those, some families (e.g. Leptoceridae and Gomphidae) frequently occurred in the 
samples across most of the sampling sites over a period of more than six months. 
Moreover, these two families have been allotted higher score values of 10 and 8 by 
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other indices (e.g. BMWP), suggesting that they are sensitive taxa, and thus can have 
potential in making a difference to the index calculation. Therefore, supplementary 
future studies are recommended to focus on those taxa of currently missing scores 
within the existing HKH taxa database, or any other emergence of new unscored taxa 
that may be encountered during the course of studies, where such studies may allow 
for continued validation and improvement of the HKH index performance. 
Alternatively, in order to improve the performance of the HKHbios in Bhutan, scores 
are needed for additional taxa and this requires a more detailed study of their 
distribution, abundance and ecology across the range of streams in this part of 
Bhutan.  
Although, species or genus level identification is assumed to deliver the greatest 
amount of information, from a perspective of cost-effectiveness, in this study, family 
level identification also proved to be sufficient to provide „early signal‟ of potential 
changes in the investigated stream systems. However, the HKH key to family level 
identification needs to be constantly reviewed to ensure all appropriate taxa are 
included.  
Another area of the application of the HKH approach that requires further 
investigation relates to the two HKH scoring systems (i.e. scores allotted for 
mountain and lowland taxa). The topographical position of the current study area is 
located in the transition between mountain and lowland (i.e. neither a complete 
mountainous gradient nor complete lowland). In this connection, for example, the 
most dominant and abundant family Hydropsychidae was differentiated by the score 
of 7 for lowland and 9 for mountain. Similarly, the fourth dominant family 
Heptageniidae was allotted score of 7 for lowland and 10 for mountain. These 
sensitive taxa have the potential to increase variation in the outcomes of water 
quality score, thus leading to an erroneous interpretation of the results. In this 
context, there is an avenue for future research for better understanding of biology of 
these key families/or species that would enable researchers to assign an appropriate 
score for both the missing taxa, or for taxa with big differences in scores for 
mountain and lowland regions. Additionally, score and weight values allocated for 
some highly sensitive taxa (e.g. family Neoephemeridae) that were periodically 
encountered in the samples and that indeed showed a significant influence on the 
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trend of monthly-based HKH scores draws an attention to a need to further review 
the HKH taxa scoring and weighting systems. In this study, occurrence of family 
Neoephemeridae do not necessarily indicate a clear/or distinct preference to very 
good water quality, suggesting that high scores and weights allocated to some 
families in the HKH taxa list might not always be informative in all Bhutanese 
streams.  
Therefore, for greater precision there is a need for a separate valid and cost-effective 
bioassessment tool, based either on smaller scale regional ecosystems, or Bhutan-
based (that may be called as BHUTBIOS), similar to Nepalese Biotic Score 
(NEPBIOS), which will facilitate long-term routine stream or river bioassessment in 
a more robust way. In this regard, the existing HKH biotic score holds an obvious 
advantage as they could be employed quickly without much costs associated with the 
development of a new region or ecosystem-based water quality assessment tools. 
Therefore, the present study suggests that, with the minor amendment of existing 
HKHbios, it can be quickly adapted to cover the full range of Bhutanese stream and 
river systems. 
Additionally, further studies are recommended to focus on better understanding of 
the life-history and biology of the species in terms of how much of the seasonal cycle 
in abundance is related to life-history of macroinvertebrates (e.g. not breeding during 
monsoon) versus their breeding being interrupted or affected by monsoon. If 
macroinvertebrate numbers are reduced during the monsoon, and post-monsoon 
recruitment to streams is patchy, then this seasonal pattern may contribute to 
variability in assemblages among streams, and therefore to resultant HKH scores. 
Therefore, a comprehensive study to assess the season-to-season patterns is needed. 
For example, there is a need to ascertain the role of the smaller upstream tributaries 
formed during the monsoon period. This would provide valuable information on 
community recolonization process after the disturbance. More specifically, are 
smaller upstream tributaries providing refuges for macroinvertebrates? Or do 
macroinvertebrates use these sites for breeding over the monsoon? Such information 
in future may aid to validate the current findings in relation to recolonization/ or 
recovery process of macroinvertebrates in the main stream systems after the physical 
monsoonal disturbance.  
  
198 Chapter 5: General discussion, conclusion and recommendations 
This study is the first to apply the HKH bioassessment approach to rivers and 
streams in a particular region of Bhutan, and to assess how the HKHbios behaves 
over time. It is therefore, hoped that the science-based information obtained from the 
current research may serve as baseline information for future research. Such studies 
are also important to determine whether the bioassessment studies using the existing 
HKH score remain consistent and applicable to other parts of Bhutan, and other 
rivers and streams in the region. 
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Appendix 1 Month-wise physicochemical parameters recorded at each sampling stream across the sampling months. na - not available due to 
high flow during sampling time and device malfunctioned  
Month Sites 
Air  
Temp(ºC) 
Water  
Temp(ºC) 
DO 
(mg/L) 
Conductivity 
(μS/cm) 
pH  
value 
Stream  
velocity (m/s) 
Stream 
depth (m) 
Stream  
width (m) 
Aug-13 
Agriculture 1 30.8 26 na 114 7.8 1.25 0.41 3 
Agriculture 2 30 25.1 na 154 7.9 0.83 0.37 12 
Undisturbed1 28.5 22.5 na 30 7.7 na  0.36 18 
Undisturbed2 27.9 21.3 na 32 7.3 na 0.42 19.3 
Settlement 33.9 28.9 na 218 8 1 0.43 7 
Land erosion 29.4 24.9 na 243 7.9 1.25 0.43 5 
Sep-13 
Agriculture 1 33.1 30.1 na 391 8 0.83 0.31 11 
Agriculture 2 31.6 26.3 na 131 8.2 0.83 0.41 3.5 
Undisturbed1 28.5 24.4 na 95.3 7.6 1.25 0.63 17 
Undisturbed2 27.9 23.8 na 95.8 7.7 0.71 0.66 17.5 
Settlement 32.4 29.3 na 204 8.1 1 0.34 6 
Land erosion 31.4 24.9 na 225 8.4 1 0.39 20 
Oct-13 Agriculture 1 30.5 26 na 184.3 7.8 0.63 0.16 12 
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Month Sites 
Air  
Temp(ºC) 
Water  
Temp(ºC) 
DO 
(mg/L) 
Conductivity 
(μS/cm) 
pH  
value 
Stream  
velocity (m/s) 
Stream 
depth (m) 
Stream  
width (m) 
Agriculture 2 29.5 26.9 na 141 7.8 1 0.16 6 
Undisturbed1 26.3 24.2 na 89 7.4 0.71 0.4 26 
Undisturbed2 26.2 24.2 na 87 7.6 0.71 0.43 25 
Land erosion 26.8 23.6 na 150 7.8 0.71 0.32 3 
Nov-13 
Agriculture 1 26.2 24.9 8.12 162.8 7.9 0.83 0.31 5 
Agriculture 2 28.1 24.6 7.81 172.4 7.8 0.45 0.39 13 
Undisturbed1 29.5 22.8 8.33 37.1 7.3 1.25 0.38 25 
Undisturbed2 26.6 24.8 8.24 41.3 7.6 0.63 0.41 11 
Settlement 27.4 26.5 7.18 272 7.9 0.71 0.29 3.5 
Land erosion 21.4 19.7 8.21 198 8 1 0.41 9 
Dec-13 
Agriculture 1 31.8 24.2 7.16 182 7.8 0.71 0.14 2.5 
Agriculture 2 23.3 21.4 8.11 134 7 0.45 0.41 5.3 
Undisturbed1 21.7 18.8 8.22 43 8.1 1 0.28 18 
Undisturbed2 23 19.9 8.52 47 8 0.56 0.26 13 
Settlement 26.4 25.2 8.16 281 8.1 0.71 0.14 3 
Land erosion 26.9 22.5 8.33 236 8.2 0.63 0.12 5 
Jan-14 Agriculture 1 26.8 24.2 7.4 249 7.97 0.42 0.23 6 
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Month Sites 
Air  
Temp(ºC) 
Water  
Temp(ºC) 
DO 
(mg/L) 
Conductivity 
(μS/cm) 
pH  
value 
Stream  
velocity (m/s) 
Stream 
depth (m) 
Stream  
width (m) 
Agriculture 2 25.4 22.6 8.22 192.9 8.11 0.42 0.3 6 
Undisturbed1 26 21.2 8.48 52.9 6.89 0.42 0.51 12.5 
Undisturbed2 24.4 20.6 8.52 52.8 7.23 0.83 0.29 6 
Settlement 23.4 19.4 8.96 315 8.16 0.71 0.13 5 
Land erosion 25.3 21.6 9.23 273 8.58 0.36 0.1 3.5 
Feb-14 
Agriculture 1 23.2 22.5 6.53 262 7.51 0.42 0.22 4 
Agriculture 2 22.8 21.1 8.51 204.1 8.57 0.25 0.24 2 
Undisturbed1 28.2 21.9 8.23 68.6 7.23 0.5 0.21 15 
Undisturbed2 29.8 22.2 8.1 55.5 7.11 0.42 0.37 10 
Settlement 24 22.2 8.97 329 8.26 0.56 0.08 3 
Land erosion 20.3 19.9 9.74 276 8.48 0.36 0.21 4.5 
Mar-14 
Agriculture 1 30.1 24.2 5.79 259 7.56 0.2 0.18 3 
Agriculture 2 31.1 25.2 8.45 210.5 8.46 0.31 0.14 2 
Undisturbed1 31.3 21.8 7.8 64.8 7.34 0.42 0.3 16 
Undisturbed2 32.4 22.7 7.87 57.7 7.25 0.38 0.36 8 
Settlement 31.3 29.1 8.73 317 8.55 0.42 0.12 3.5 
Land erosion 29.3 22.2 9.53 287 8.63 0.36 0.18 5 
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Month Sites 
Air  
Temp(ºC) 
Water  
Temp(ºC) 
DO 
(mg/L) 
Conductivity 
(μS/cm) 
pH  
value 
Stream  
velocity (m/s) 
Stream 
depth (m) 
Stream  
width (m) 
Apr-14 
Agriculture 1 30.9 22.9 7.61 262 7.1 0.17 0.3 3.8 
Agriculture 2 28.9 21.3 7.86 203.5 8.1 0.71 0.18 3.6 
Undisturbed1 30.2 23.1 7.71 62.1 7.51 0.63 0.32 11.2 
Undisturbed2 31.2 23.9 7.93 61.1 7.92 0.56 0.32 11.3 
Settlement 29.7 24.1 8.11 312 8.69 0.63 0.11 3.5 
Land erosion 30.1 24.1 8.56 267 8.57 0.5 0.14 5.2 
May-14 
Agriculture 1 37.7 29 6.95 199.4 7.64 0.56 0.16 5 
Agriculture 2 36.4 24.2 7.17 197.6 8.05 0.33 0.34 7 
Undisturbed1 32.3 24.4 7.94 45.3 7.1 0.56 0.46 22 
Undisturbed2 32.4 24.2 7.91 45.4 7.08 0.71 0.52 23 
Settlement 38.8 30.3 7.44 362 8.06 0.63 0.21 6 
Land erosion 30.6 25.6 7.85 261 8.24 0.45 0.63 18 
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Appendix 2 Presence/Absence table of taxa with mean value for each month of the entire sampling periods. 
Family/sub-family Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 
Astacidae - - - - - - 0.37 - - - - - 
Atyidae  - - - - - - - - - - - 0.06 
Baetidae 0.07 0.1 4.23 5.63 12.87 20 16.4 13.17 6 5.33 4.33 0.91 
Belostomatidae - - - - - 0.03 0.1 - 0.03 - 0.03 - 
Blephariceridae - - 0.17 0.13 0.07 0.03 1.2 1.03 0.2 0.53 0.07 - 
Brachycentridae - - - 0.03 - - - 0.03 - - - - 
Caenidae - - 0.03 - 0.1 0.07 0.47 - 0.37 2.73 2 0.09 
Chironomidae - - - 0.07 1.23 0.83 1.33 0.77 1.17 1.6 0.8 0.09 
Chloroperlidae - - 0.07 - - - - - - - - - 
Corduliidae - - - - - - - - - - 0.17 - 
Corydalidae - - - 0.03 - - 0.1 0.07 0.03 - 0.03 0.03 
Dytiscidae - - - - - - - - 0.03 - - - 
Elmidae - - 0.17 0.13 - - 0.27 0.3 0.1 0.9 0.43 0.09 
Ephemerellidae  - - - 0.2 0.9 2.63 1.57 1.67 7.07 6.7 3.03 0.31 
Ephemeridae - - - - - - 0.03 - - - - - 
Epiophlebiidae - - - - - - - - - - 0.03 - 
Eubrianacinae - - - - - - - - - - 1.83 - 
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Family/sub-family Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 
Eubriinae - - - - - - - 0.03 - - - 0.03 
Euphaeidae - - - - - - 0.07 0.03 0.03 0.13 - - 
Glossosomatidae - - - - - 0.1 0.03 0.33 0.13 0.03 - - 
Goeridae - - - - 0.17 0.17 - 0.37 0.23 0.03 0.13 0.03 
Gomphidae - - - 0.1 0.03 0.1 0.1 0.07 0.07 0.2 0.03 - 
Gyrinidae - - - - - - 0.07 0.03 - 0.1 0.23 0.06 
Heptageniidae - - 1.17 0.73 1.27 3.27 8.77 10.7 9.77 11.63 8.03 0.97 
Hydrochidae - - - - - 0.17 - - - - - - 
Hydrophilidae - - - - - - - - - 0.2 0.03 - 
Hydropsychidae - - 0.77 0.37 5.57 4.33 18.03 18.5 24.4 15.9 19.1 1.2 
Hydroptilidae - - - - - 0.07 - - - - - - 
Isonychiidae - - - - - 0.17 - - - - - - 
Lepidostomatidae - - - - - 0.07 - - 0.4 0.17 1.47 0.03 
Leptoceridae - - - - - 0.33 0.03 0.17 0.03 0.2 1.8 - 
Leptohyphidae - - - - 0.17 - - 0.27 - - 0.03 - 
Leptophlebiidae - - - 0.03 0.43 1.27 0.13 1.03 2 3.37 3.27 1.54 
Libellulidae - - - - - - - - - - 0.03 - 
Limnephilidae - - - - - - - 0.03 - - 0.1 - 
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Family/sub-family Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 
Naucoridae - - - - - - - - 0.03 0.03 - - 
Nemouridae - - - - 0.23 - 0.03 - - - - - 
Neoepehmeridae - - - 0.03 - - - 0.03 - - - - 
Notonectidae - - - - - 0.07 0.03 - - - - - 
Odontoceridae - - - - - - - - 0.03 - - - 
Perlidae 0.07 - 0.53 0.83 1.37 1.27 0.77 2.2 1.03 0.7 0.43 0.91 
Perlodidae - - - - 0.03 - - - - - - - 
Philopotamidae - - 0.03 0.13 1.6 1.4 13.1 6.13 3.3 3.8 7.93 0.8 
Phyllodocidae - - - - - - 0.03 - - - - - 
Physidae  - - - - - - 0.03 - - - - - 
Planaridae - - - - - - - - - - - 0.2 
Platystictidae - - - - - - 0.2 0.3 0.13 0.2 0.2 0.03 
Polycentropodidae - - - - - 0.03 0.13 0.03 - - 0.03 - 
Potamidae - - - - - 0.1 0.03 - - - - - 
Prosopistomatidae  - - - - - 0.03 - - 0.03 0.03 - - 
Psepheninae - - - - - 0.03 - 0.03 - - 0.07 - 
Psephenoidinae 0.1 0.03 0.67 0.23 0.63 2.27 6.63 15.2 20.87 13.37 4.9 0.09 
Pyralidae - - - - - 0.07 0.03 - 0.1 0.03 - - 
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Family/sub-family Jun-13 Jul-13 Aug-13 Sep-13 Oct-13 Nov-13 Dec-13 Jan-14 Feb-14 Mar-14 Apr-14 May-14 
Rhyacophilidae - - 0.2 - - - - - - - - - 
Scirtidae - - - - 0.1 - - 0.1 0.23 0.6 2.67 0.23 
Sericostomatidae - - - - - - - - - 1.1 - - 
Simuliidae - - 0.13 0.03 0.7 1.63 4.27 8.7 5.73 2.13 1.3 0.43 
Stenopsychidae - - 0.1 - 3.23 3.07 1.43 0.53 0.2 0.07 0.73 0.11 
Syrphidae - - - - - - - - - - 0.17 - 
Tabanidae - - - - 0.1 0.53 1 1.17 0.97 1.3 1.13 0.03 
Tipulidae - - - - 0.47 0.8 0.63 1 0.73 0.87 0.8 0.14 
Uenoidae - - - - - - - 0.07 - 0.03 0.03 - 
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Appendix 3 Summary of dominant and rare families calculated based on taxa 
that represents 10 or > individuals for dominant family and <10 individuals for rare 
family that has been caught at each site over the sampling period, (viz. Agri1-
Agriculture site1; Agri2-Agriculture site2; UD1-Undisturbed site1; UD2- 
Undisturbed site2; Set.-Settlement site; and LE-Land Erosion site). The total 
individuals calculated here were based on the taxa caught during opportunistic 
sampling in June and July-2013. 
 
    Sampling sites   
SL No. Family Agri1 Agri2 UD1 UD2 Set. LE Total 
1 Hydropsychidae 871 472 257 205 1057 328 3190 
2 Baetidae 760 337 261 262 455 609 2684 
3 Psephenoidinae 
(sub-family) 
192 287 417 287 523 237 1943 
4 Heptageniidae 167 41 634 433 41 349 1665 
5 Philopotamidae 35 74 431 397 32 181 1150 
6 Simuliidae 63 132 74 81 27 416 793 
7 Ephemerellidae  111 61 206 143 62 104 687 
8 Leptophlebiidae 3 3 214 128 2 39 389 
9 Perlidae 9 16 114 92 23 46 300 
10 Stenopsychidae 0 5 121 119 0 13 258 
11 Chironomidae 30 18 86 47 20 36 237 
12 Tabanidae 9 25 55 38 22 38 187 
13 Caenidae 6 11 4 1 20 134 176 
14 Tipulidae 6 30 39 35 22 32 164 
15 Scirtidae 10 38 10 18 3 40 119 
16 Blephariceridae 2 43 8 14 0 36 103 
17 Leptoceridae 4 4 3 6 10 50 77 
18 Elmidae 2 18 28 14 1 9 72 
19 Lepidostomatidae 2 0 18 38 0 6 64 
20 Eubrianacinae 
(sub-family) 
0 34 0 0 0 21 55 
21 Goeridae 1 2 17 6 7 1 34 
22 Sericostomatidae 1 0 7 9 0 16 33 
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    Sampling sites   
SL No. Family Agri1 Agri2 UD1 UD2 Set. LE Total 
23 Platystictidae 29 2 1 0 0 0 32 
24 Gomphidae 3 0 5 3 3 7 21 
25 Glossosomatidae 5 3 0 3 7 1 19 
26 Gyrinidae 2 0 8 5 0 0 15 
27 Leptohyphidae 3 1 3 6 1 0 14 
28 Astacidae 8 0 0 0 3 0 11 
29 Corydalidae 1 0 5 2 0 1 9 
30 Euphaeidae 0 0 1 6 0 1 8 
31 Nemouridae 1 0 0 0 7 0 8 
32 Hydrophilidae 0 0 0 0 6 1 7 
33 Planariidae 3 0 3 1 0 0 7 
34 Polycentropodidae 4 2 1 0 0 0 7 
35 Pyralidae 1 0 0 0 6 0 7 
36 Belostomatidae 0 0 2 0 1 3 6 
37 Rhyacophilidae 0 0 6 0 0 0 6 
38 Corduliidae 0 2 0 0 0 3 5 
39 Hydrochidae 0 5 0 0 0 0 5 
40 Isonychiidae 2 1 0 2 0 0 5 
41 Syrphidae 0 0 0 0 5 0 5 
42 Limnephilidae 0 1 0 1 0 2 4 
43 Potamidae 1 1 0 1 1 0 4 
44 Psepheninae 
(sub-family) 
2 0 0 0 1 1 4 
45 Uenoidae 0 0 2 2 0 0 4 
46 Notonectidae 1 0 0 1 1 0 3 
47 Prosopistomatidae  0 0 1 2 0 0 3 
48 Atyidae  2 0 0 0 0 0 2 
49 Brachycentridae 1 0 1 0 0 0 2 
50 Chloroperlidae 0 1 0 0 0 1 2 
51 Eubriinae 
(sub-family) 
1 0 0 1 0 0 2 
52 Hydroptilidae 1 0 0 1 0 0 2 
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    Sampling sites   
SL No. Family Agri1 Agri2 UD1 UD2 Set. LE Total 
53 Naucoridae 0 0 0 0 1 1 2 
54 Neoepehmeridae 1 0 0 0 0 1 2 
55 Dytiscidae 0 0 0 0 0 1 1 
56 Ephemeridae 0 0 0 0 0 1 1 
57 Epiophlebiidae 0 0 1 0 0 0 1 
58 Libellulidae 0 0 0 0 0 1 1 
59 Odontoceridae 0 0 0 0 0 1 1 
60 Perlodidae 0 1 0 0 0 0 1 
61 Phyllodocidae 0 0 0 0 0 1 1 
62 Physidae  0 0 0 0 1 0 1 
 
Total 2356 1671 3044 2410 2371 2769 14621 
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Appendix 4 Number of family captured in taxonomic orders across the sites  
Agri1-Agriculture site 1; Agri2-Agriculture site 2; UD1-Undisturbed site 1; UD2- 
Undisturbed site 2; Sett-Settlement site; LE-Land Erosion site. The total individuals 
calculated here were based on the taxa caught during opportunistic sampling in June 
and July-2013. 
    Sampling sites   
  Family  Agri1 Agri2 UD1 UD2 Set. LE Total 
Coleoptera Dytiscidae 0 0 0 0 0 1 1 
  Elmidae 2 18 28 14 1 9 72 
  
Eubrianacinae 
(sub-family) 
0 34 0 0 0 21 55 
  
Eubriinae 
(sub-family) 
1 0 0 1 0 0 2 
  Gyrinidae 2 0 8 5 0 0 15 
  Hydrochidae 0 5 0 0 0 0 5 
  Hydrophilidae 0 0 0 0 6 1 7 
  
Psepheninae 
(sub-family) 
2 0 0 0 1 1 4 
  
Psephenoidinae 
(sub-family) 
192 287 417 287 523 237 1943 
  Scirtidae 10 38 10 18 3 40 119 
Decapoda Astacidae 8 0 0 0 3 0 11 
  Atyidae  2 0 0 0 0 0 2 
  Potamidae 1 1 0 1 1 0 4 
Diptera  Blephariceridae 2 43 8 14 0 36 103 
  Chironomidae 30 18 86 47 20 36 237 
  Simuliidae 63 132 74 81 27 416 793 
  Syrphidae 0 0 0 0 5 0 5 
  Tabanidae 9 25 55 38 22 38 187 
  Tipulidae 6 30 39 35 22 32 164 
Ephemeroptera  Baetidae (Baetis) 760 337 261 262 455 609 2684 
  Caenidae 6 11 4 1 20 134 176 
  Ephemerellidae  111 61 206 143 62 104 687 
  Ephemeridae 0 0 0 0 0 1 1 
  Heptageniidae 167 41 634 433 41 349 1665 
  Isonychiidae 2 1 0 2 0 0 5 
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    Sampling sites   
  Family  Agri1 Agri2 UD1 UD2 Set. LE Total 
  Leptohyphidae 3 1 3 6 1 0 14 
  Leptophlebiidae 3 3 214 128 2 39 389 
  Neoepehmeridae 1 0 0 0 0 1 2 
  Prosopistomatidae  0 0 1 2 0 0 3 
Hemiptera Belostomatidae 0 0 2 0 1 3 6 
  Naucoridae 0 0 0 0 1 1 2 
  Notonectidae 1 0 0 1 1 0 3 
Lepidoptera Pyralidae 1 0 0 0 6 0 7 
Megaloptera Corydalidae 1 0 5 2 0 1 9 
Odonata  Corduliidae 0 2 0 0 0 3 5 
  Epiophlebiidae 0 0 1 0 0 0 1 
  Euphaeidae 0 0 1 6 0 1 8 
  Gomphidae 3 0 5 3 3 7 21 
  Libellulidae 0 0 0 0 0 1 1 
  Platystictidae 29 2 1 0 0 0 32 
Phyllodocida Phyllodocidae 0 0 0 0 0 1 1 
Plecoptera  Chloroperlidae 0 1 0 0 0 1 2 
  Nemouridae 1 0 0 0 7 0 8 
  Perlidae 9 16 114 92 23 46 300 
  Perlodidae 0 1 0 0 0 0 1 
Hygrophila Physidae  0 0 0 0 1 0 1 
Trichoptera  Brachycentridae 1 0 1 0 0 0 2 
  Glossosomatidae 5 3 0 3 7 1 19 
  Goeridae 1 2 17 6 7 1 34 
  Hydropsychidae 871 472 257 205 1057 328 3190 
  Hydroptilidae 1 0 0 1 0 0 2 
  Lepidostomatidae 2 0 18 38 0 6 64 
  Leptoceridae 4 4 3 6 10 50 77 
  Limnephilidae 0 1 0 1 0 2 4 
  Odontoceridae 0 0 0 0 0 1 1 
  Philopotamidae 35 74 431 397 32 181 1150 
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    Sampling sites   
  Family  Agri1 Agri2 UD1 UD2 Set. LE Total 
  Polycentropodidae 4 2 1 0 0 0 7 
  Rhyacophilidae 0 0 6 0 0 0 6 
  Sericostomatidae 1 0 7 9 0 16 33 
  Stenopsychidae 0 5 121 119 0 13 258 
  Uenoidae 0 0 2 2 0 0 4 
Tricladida Planariidae 3 0 3 1 0 0 7 
  Total 2356 1671 3044 2410 2371 2769 14621 
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Appendix 5 Results of Principal Components Analysis (PCA) performed for 
macroinvertebrate families with strong positive and negative relationships.   
All sites combined 
Axis  Principal Component1 Principal Component2 
Eigenvalues 149268 
 
38984.5 
 
% Variance  69.713 
 
18.207 
 
Loading Family Loadings Family  Loadings 
 
Hydropsychidae 0.70093 Baetidae 0.92146 
 
Psephenoidinae 0.53497 Philopotamidae 0.24099 
 
Heptageniidae 0.33529 Stenopsychidae 0.14945 
 
Philopotamidae 0.20768 Simuliidae 0.09899 
Stenopsychidae -0.018194 Psephenoidinae -0.18644 
   Ephemerellidae  -0.099757 
   Leptophlebiidae -0.086798 
   Caenidae -0.05032 
   Psephenoidinae -0.18644 
All months combined  
Axis  Principal Component1 Principal Component2 
Eigenvalues 5009.73 
 
2618.27 
 
% Variance  52.689 
 
27.537 
 
Loading Family Loadings Family  Loadings 
 
Heptageniidae 0.44778 Psephenoidinae 0.43562 
 
Philopotamidae 0.36692 Hydropsychidae 0.33456 
 
Leptophlebiidae 0.16296 Philopotamidae 0.18646 
 
Stenopsychidae 0.11151 Leptophlebiidae 0.1406 
Hydropsychidae -0.72256 Stenopsychidae 0.10549 
 Baetidae -0.27848 Baetidae -0.5549 
 Psephenoidinae -0.030443 Simuliidae -0.52429 
   Caenidae -0.16981 
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Appendix 6 Results of Principal Components Analysis (PCA) performed for site-
wise comparison    
Agriculture site1 
Axis  Principal Component1 Principal Component2 
Eigenvalues 8766.06 
 
2833.23 
 
% Variance  73.79 
 
23.849 
 
Loading Family Loadings Family  Loadings 
 
Hydropsychidae 0.90666 Baetidae 0.9473 
 
Psephenoidinae 0.22159 Hydropsychidae 0.28955 
 
Ephemerellidae  0.12493 Heptageniidae 0.08501
5 
 
Heptageniidae 0.12055 Baetidae 0.9473 
 
Baetidae -0.30106 Planariidae -
0.01120
7 
Agriculture site2 
Axis  Principal Component1 Principal Component2 
Eigenvalues 3395.1 
 
2134.95 
 
% Variance  52.058 
 
32.736 
 
Loading Family Loadings Family Loadings 
 
Hydropsychidae 0.95581 Psephenoidinae 0.79978 
 
Psephenoidinae 0.19763 Baetidae 0.42219 
 
Baetidae 0.12857 Philopotamidae 0.21163 
 
Perlidae -0.0019596 Simuliidae 0.19887 
 
  
Hydropsychidae -0.24305 
Undisturbed site1 
Axis  Principal Component1 Principal Component2 
Eigenvalues 6870.27 
 
3264.68 
 
% Variance  60.642 
 
28.817 
 
Loading Family Loadings Family Loadings 
 
Heptageniidae 0.63758 Psephenoidinae 0.62721 
 
Philopotamidae 0.5815 Leptophlebiidae 0.24768 
 
Psephenoidinae 0.34509 Heptageniidae 0.22593 
 Appendices 255 
 
Hydropsychidae 0.24084 Ephemerellidae 0.20473 
 
Baetidae 0.14806 Chironomidae 0.10799 
 
Ephemerellidae 0.13415 Philopotamidae -0.54916 
Stenopsychidae -0.022193 Hydropsychidae -0.27014 
   Simuliidae -0.16069 
   Baetidae -0.15542 
 
  Stenopsychidae -
0.09969
7 
   Philopotamidae -0.54916 
   Hydropsychidae -0.27014 
Undisturbed site2 
Axis  Principal Component1 Principal Component2 
Eigenvalues 3740.85 
 
1745.63 
 
% Variance  58.235 
 
27.175 
 
Loading Family Loadings Family Loadings 
 
Philopotamidae 0.69485 Psephenoidinae 0.58833 
 
Heptageniidae 0.53405 Heptageniidae 0.44336 
 
Psephenoidinae 0.30218 Ephemerellidae 0.15776 
 
Hydropsychidae 0.23259 Leptophlebiidae 0.09176 
 
Baetidae 0.16342 Chironomidae 0.05556 
 
Leptophlebiidae 0.12611 Philopotamidae -0.57723 
 
Simuliidae 0.1109 Hydropsychidae -0.24007 
 
Ephemerellidae 0.10799 
  
Stenopsychidae -0.04146   
Settlement site 
Axis  Principal Component1 Principal Component2 
Eigenvalues 19489.3 
 
3224.46 
 
% Variance  79.39 
 
13.135 
 
Loading Family Loadings Family Loadings 
 
Hydropsychidae 0.80607 Baetidae 0.98401 
 
Psephenoidinae 0.58542 Hydropsychidae 0.12293 
Baetidae -0.07212 Psephenoidinae -
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0.05144
3 
 Chironomidae -0.0047319   
 Simuliidae -0.0038525   
     
Land Erosion site 
Axis  Principal Component1 Principal Component2 
Eigenvalues 5702.79 
 
4463.59 
 
% Variance  39.857 
 
31.196 
 
Loading Family Loadings Family Loadings 
 
Baetidae 0.8498 Simuliidae 0.63449 
 
Simuliidae 0.4591 Psephenoidinae 0.40771 
 
Heptageniidae 0.14178 Heptageniidae 0.39353 
 
Hydropsychidae 0.1413 Ephemerellidae 0.20778 
 
Caenidae -0.11599 Philopotamidae 0.17727 
  Caenidae 0.10022 
   Baetidae -0.431 
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Appendix 7 Results of Principal Components Analysis (PCA) performed for site-
wise comparison    
August 
Axis  Principal Component1 Principal Component2 
Eigenvalues 367.179  50.5601 
 
% Variance  82.082  11.303 
 
Loading Family Loadings Family  Loadings 
 
Baetidae 0.9849 Psephenoidinae 6.22E-01 
 
Heptageniidae 0.11087 Hydropsychidae 5.49E-01 
 
Blephariceridae 0.065806 Heptageniidae 0.47788 
September 
Axis  Principal Component1 Principal Component2 
Eigenvalues 1000.96  37.7044 
 
% Variance  95.554  3.5993 
 
Loading Family Loadings Family Loadings 
 
Baetidae 0.99418 Perlidae 0.90438 
 
Heptageniidae 6.98E-02 Blephariceridae 0.2525 
 
Psephenoidinae 0.037323 Hydropsychidae 0.209 
 
Elmidae 0.023744 Psephenoidinae 0.20775 
October 
Axis  Principal Component1 Principal Component2 
Eigenvalues 4111.67  1164.98 
 
% Variance  71.378  20.224 
 
Loading Family Loadings Family Loadings 
 
Baetidae 0.93562 Hydropsychidae 0.86896 
 
Chironomidae 0.13918 Simuliidae 0.24229 
 
Blephariceridae 5.52E-03 Heptageniidae 0.18363 
 
Brachycentridae 2.46E-24 Leptophlebiidae 0.077521 
 
Baetidae 0.93562   
November 
Axis  Principal Component1 Principal Component2 
Eigenvalues 10065  355.297 
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% Variance  95.041  3.355 
 
Loading Family Loadings Family Loadings 
 
Baetidae 0.96641 Simuliidae 0.6046 
 
Simuliidae 0.13102 Stenopsychidae 0.42054 
 
Hydropsychidae 0.079461 Heptageniidae 0.38472 
 
Tipulidae 0.028535 Psephenoidinae 0.36458 
 
Heptageniidae 0.015911   
December 
Axis  Principal Component1 Principal Component2 
Eigenvalues 8273.94  1213.13 
 
% Variance  80.126  11.748 
 
Loading Family Loadings Family Loadings 
 
Philopotamidae 0.81502 Psephenoidinae 7.40E-01 
 
Heptageniidae 4.91E-01 Baetidae 0.46117 
Simuliidae 0.16098 Simuliidae 0.17664 
 Ephemerellidae  0.09554   
January 
Axis  Principal Component1 Principal Component2 
Eigenvalues 14401.8  4444.49 
 
% Variance  62.511  19.291 
 
Loading Family Loadings Family Loadings 
 
Hydropsychidae 0.86287 Simuliidae 0.90867 
 
Psephenoidinae 3.38E-01 Baetidae 0.26248 
 
Goeridae 0.018574 Hydropsychidae 0.17521 
 
Glossosomatidae 0.014175   
February 
Axis  Principal Component1 Principal Component2 
Eigenvalues 18559.2  7311.78 
 
% Variance  67.093  26.433 
 
Loading Family Loadings Family  Loadings 
 
Hydropsychidae 0.8933 Psephenoidinae 0.92614 
 
Psephenoidinae 0.2608 Heptageniidae 0.12256 
 
  Leptophlebiidae 0.097379 
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March 
Axis  Principal Component1 Principal Component2 
Eigenvalues 9309.05  986.423 
 
% Variance  81.661  8.6531 
 
Loading Family Loadings Family Loadings 
 
Heptageniidae 0.47642 Heptageniidae 0.61318 
 
Psephenoidinae 1.97E-01 Hydropsychidae 5.32E-01 
 
Leptophlebiidae 1.83E-01   
 
Philopotamidae 1.40E-01   
April 
Axis  Principal Component1 Principal Component2 
Eigenvalues 8694.32  4683.27 
 
% Variance  57.657  31.057 
 
Loading Family Loadings Family Loadings 
 
Philopotamidae 0.57687 Hydropsychidae 0.60017 
 
Heptageniidae 0.35518 Heptageniidae 0.3857 
 
Leptophlebiidae 0.22632 Philopotamidae 0.37023 
 
Lepidostomatidae 0.097523   
May 
Axis  Principal Component1 Principal Component2 
Eigenvalues 356.039  32.5367 
 
% Variance  86.599  7.9139 
 
Loading Family Loadings Family Loadings 
 
Leptophlebiidae 0.68679 Baetidae 0.64609 
 
Perlidae 0.37114 Simuliidae 0.46853 
 
Philopotamidae 0.36792 Hydropsychidae 0.20346 
 
Heptageniidae 0.31872 Heptageniidae 0.16901 
 
Hydropsychidae 0.2539 Scirtidae 0.159 
 
Baetidae 0.22525 Perlidae 0.10253 
 
Ephemerellidae  0.13951   
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Appendix 8 Method employed for size-frequency distribution data 
Ten family level taxa were selected from these pooled samples of six different study 
sites that comprised the most common and abundant macroinvertebrates during the 
entire study periods. Each OTU from a sample was sorted and then individuals were 
arranged accordingly on a glass slide. The glass slide was placed over a clean sheet 
of white paper that included descriptive information such as sampling date, month, 
unit number and site.  A small piece of graph paper measuring 10mm x 10mm was 
set at right side corner of the slide for later scale calibration by the measuring 
software. Photographs of each slide were then taken with a digital camera 
(Supplementary figure 3.1).  
The photographs were used for body-size measurements of each taxon using Assess 
2.0 Image Analysis Software. Assess 2.0 Image Analysis Software was specifically 
designed and  developed for plant disease quantification for the measurement of leaf 
area, percent disease, lesion count, root length, and percent ground cover. However, 
Assess 2.0 Image Analysis Software is also designed and used as an interactive 
laboratory tool for measuring any objects that can be imaged (e.g. scanned objects, 
digital photographs or microscopic images etc.). Therefore, digital images of each 
OTU taxa were assessed and three measures (e.g. length, width and area) were 
obtained for each individual. Among the three variables of measurement, body length 
measurements of taxa were considered for size distribution analysis as these 
measurements tended to provide higher precision than other two variables 
(measurements). Moreover, given its many advantages, body length measurement 
approach is more commonly used for determining the body-mass relationships, 
measurement of community biomass and size classes for terrestrial 
macroinvertebrates (Zimmer et al., 2001; Stead et al., 2005). Body length in animals 
included the distance between the anterior part of the head and the posterior part of 
the last abdominal segment. In this study, area and width variables tended to give 
lower precision and some bias particularly for measuring round or circular shaped 
images as the accuracy of the measurements were reduced by measuring whole area 
even for circular shaped images.  
Note there were some small sample size variations relative to the original counts for 
some families that were measured in Assess 2.0 Image Analysis Software. This was 
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due to the Assess software not detecting some individuals in some photographs. 
However, because only a small proportion of individuals were missed (38 individuals 
from six OTUs from a total of 13,193 animals photographed), it was assumed this 
would not impact on the interpretations of size frequency data. 
 
 
Supplementary figure 3.1   An example photograph of a set individual from an 
OTU that was used to access pattern of size distribution with the Image analysis 
software Assess 2.0. This example shows individuals from the family Heptageniidae 
(Ephemeroptera) sampled from the Undisturbed site2 on December 18, 2013. 
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Appendix 9 Size-frequency distribution histograms for 10 most abundant 
macroinvertebrate families captured during the survey: (a) Hydropsychidae; (b) 
Baetidae; (c) Psephenoidinae; (d) Heptageniidae; (e) Philopotamidae; (f) Simuliidae; 
(g) Ephemerellidae; (h) Leptophlebiidae; (i) Perlidae & (j) Stenopsychidae.  Note not 
all plots have the same scale for x and y axis. Arrows to the left indicate the smallest 
size class, while arrows to the right show the largest size class of individuals in each 
month. 
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Appendix 10 Length-wise (cm) mean body size of 10 most abundant families over time with monthly total individuals measured in Assess 2.0 
Image Analysis software along with their estimated values of minimum, maximum and standard deviations. Note the total sample number (n) for 
some families varies slightly from the original number of samples collected during the field sampling due to Image analysis software 
undercounting during measurement (see text for more details).  
 
Sampling months 
Family June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
1. Hydropsychidae             
            n 0 0 23 11 167 130 540 548 729 475 573 42 
            min 0 0 0.13 0.13 0.09 0.15 0.04 0.08 0.02 0.12 0.09 0.23 
            max 0 0 0.94 0.94 1.06 1.2 1.89 1.38 1.18 1.05 1.56 1.84 
            Mean 0 0 0.43 0.42 0.42 0.49 0.51 0.49 0.39 0.43 0.42 0.57 
           StdDev 0 0 0.23 0.23 0.2 0.2 0.24 0.23 0.16 0.17 0.17 0.33 
2. Baetidae                         
            n 2 3 127 167 386 597 492 394 180 160 128 32 
            min 0.49 0.13 0.09 0.11 0.07 0.09 0.1 0.11 0.21 0.15 0.12 0.21 
            max 0.53 0.16 0.76 0.95 1.1 0.89 0.99 1.02 0.82 0.64 0.83 1.2 
            Mean 0.51 0.14 0.34 0.33 0.28 0.33 0.41 0.46 0.45 0.38 0.37 0.53 
            StdDev 0.03 0.02 0.14 0.15 0.11 0.13 0.17 0.15 0.13 0.11 0.13 0.22 
3. Psephenoidinae             
            n 3 1 20 7 19 67 198 454 625 401 147 3 
            min 0.16 0.16 0.12 0.15 0.2 0.16 0.12 0.1 0.09 0.07 0.08 0.23 
            max 0.19 0.16 0.53 0.4 0.54 0.64 0.66 0.53 0.67 0.59 0.64 0.38 
            Mean 0.17 0.16 0.27 0.27 0.34 0.33 0.29 0.23 0.23 0.24 0.23 0.31 
            StdDev 0.02 0 0.12 0.08 0.11 0.11 0.09 0.07 0.06 0.07 0.08 0.08 
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Sampling months 
Family June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
 
4. Heptageniidae 
            
            n 0 0 35 22 38 98 263 319 293 349 240 34 
            min 0 0 0.12 0.11 0.19 0.12 0.08 0.18 0.16 0.15 0.16 0.17 
            max 0 0 1.07 0.65 0.92 1.48 1.59 2.45 2.39 2.32 1.75 1.97 
            Mean 0 0 0.47 0.24 0.46 0.47 0.37 1.03 0.82 0.87 0.69 0.77 
            StdDev 0 0 0.19 0.12 0.17 0.29 0.18 0.49 0.36 0.39 0.29 0.46 
5. Philopotamidae                         
            n 0 0 1 4 48 42 393 184 99 113 238 28 
            min 0 0 0.51 0.35 0.3 0.17 0.02 0.1 0.21 0.13 0.1 0.18 
            max 0 0 0.51 0.68 0.83 1.08 0.84 0.68 0.8 0.68 0.63 0.64 
            Mean 0 0 0.51 0.46 0.49 0.5 0.35 0.34 0.38 0.32 0.28 0.34 
            StdDev 0 0 0 0.15 0.15 0.16 0.14 0.1 0.12 0.1 0.09 0.09 
6. Simuliidae             
            n 0 0 4 1 21 46 128 258 171 64 39 14 
            min 0 0 0.19 0.23 0.25 0.18 0.08 0.1 0.06 0.12 0.14 0.17 
            max 0 0 0.46 0.23 0.53 0.56 0.63 0.59 0.6 0.44 0.53 0.65 
            Mean 0 0 0.32 0.23 0.35 0.39 0.39 0.36 0.32 0.3 0.31 0.39 
            StdDev 0 0 0.12 0 0.07 0.08 0.11 0.08 0.08 0.07 0.08 0.13 
7. Ephemerellidae                          
            n 0 0 0 6 27 79 47 50 212 201 91 11 
            min 0 0 0 0.26 0.25 0.17 0.35 0.29 0.13 0.11 0.23 0.19 
            max 0 0 0 0.66 1.32 1.07 1.42 1.45 1.39 0.84 0.68 0.65 
            Mean 0 0 0 0.45 0.61 0.55 0.66 0.55 0.45 0.44 0.47 0.47 
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Sampling months 
Family June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
            StdDev 0 0 0 0.2 0.26 0.19 0.2 0.2 0.19 0.14 0.12 0.14 
 
 
8. Leptophlebiidae 
            
            n 0 0 0 1 13 38 4 31 60 101 98 54 
            min 0 0 0 0.47 0.21 0.33 0.53 0.3 0.25 0.14 0.27 0.21 
            max 0 0 0 0.47 0.65 0.78 0.91 0.95 0.72 0.83 0.76 0.59 
            Mean 0 0 0 0.47 0.43 0.51 0.68 0.54 0.49 0.48 0.47 0.39 
            StdDev 0 0 0 0 0.15 0.11 0.16 0.16 0.1 0.11 0.1 0.09 
9. Perlidae             
            n 2 0 16 25 41 38 23 66 31 21 13 32 
            min 0.55 0 0.48 0.32 0.46 0.39 0.41 0.44 0.42 0.64 0.25 0.3 
            max 0.57 0 2.26 2.32 2.17 2.02 2.2 2.14 2.13 1.98 1.89 1.85 
            Mean 0.56 0 1.3 1 1.1 0.77 1 0.9 0.88 0.94 0.96 0.69 
            StdDev 0.01 0 0.53 0.65 0.45 0.44 0.55 0.42 0.4 0.3 0.6 0.29 
10. Stenopsychidae                         
            n 0 0 3 0 97 92 43 16 6 2 22 4 
            min 0 0 0.49 0 0.14 0.03 0.51 0.9 0.31 1.8 0.56 0.45 
            max 0 0 2.27 0 2.66 1.73 2.65 2.48 1.77 2.23 2.16 2.5 
            Mean 0 0 1.54 0 0.89 0.8 1.32 1.63 0.82 2.02 1.22 1.7 
            StdDev 0 0 0.93 0 0.54 0.37 0.5 0.35 0.63 0.3 0.43 0.88 
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Appendix 11 Month-wise chronological distribution of 10 most common families 
across the sampling sites, viz. (a) Hydropsychidae; (b) Baetidae; (c) Psephenoidinae; 
(d) Heptageniidae; (e) Philopotamidae; (f) Simuliidae; (g) Leptophlebiidae; (h) 
Ephemerellidae; (i) Perlidae and (j) Stenopsychidae.  
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